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This  volume is submi t t ed  a s  p a r t i a l  f u l f i l l m e n t  of c o n t r a c t  p r o v i s i o n s  

of Cont rac t  NAS 8-20672 and meets t h e  requirements  of Supplement No. 10 of t h a t  

c o n t r a c t .  The NASA p r o j e c t  e n g i n e e r  was M r .  R. J. Richmond, 

Volume I of t h i s  r e p o r t  i s  w r i t t e n  s p e c i f i c a l l y  f o r  t h e  d e s i g n e r  w i t h  

t h e  i n t e n t  of p rov id ing  combustion s t a b i l i t y  i n f o r m a t i o n  which may b e  a p p l i e d  

d i r e c t l y  d u r i n g  a  program's d e s i g n  phase.  Th is  volume (Volume 1 1 ) ,  on t h e  

o t h e r  hand, is t o  p rov ide  t h e  t o o l s  by which t h e  a n a l y s t  may c h a r a c t e r i z e  t h e  

combustion s t a b i l i t y  of a  system. The combustion model which provided t h e  b a s i s  

f o r  t h i s  a n a l y t i c a l  t echn ique  i s  t h e  S e n s i t i v e  Time Lag theory  f i r s t  developed 

by D r .  L. H. Crocco and l a t e r  extended by D r .  F. H. Reardon. Th is  volume 

p r o v i d e s  d e s c r i p t i o n  of a  computer program, w r i t t e n  i n  FORTRAN V ,  which may 

be  u t i l i z e d  i n  c h a r a c t e r i z i n g  a  v a r i e t y  of combustion systems.  

The work was conducted by t h e  Thrus t  Chamber Engineer ing S e c t i o n  of t h e  

L iqu id  Rocket D i v i s i o n  under D r .  N.  E. Van Huff ,  a c t i n g  manager; 

M r .  J. M. McBri.de, p r o j e c t  manager; and M r .  W. W. Howard, p r o j e c t  eng ineer .  

S p e c i a l  acknowledgement is  g i v e n  t o  M r .  R. C .  Waugh f o r  h i s  c o n t r i b u t i o n  

i n  t h e  development of a n a l y t i c a l  models, M r .  D.  P .  Dudley f o r  programming and 

and convers ion  of t h e  computer program, M r .  R. K. Turner  f o r  t h e  r e d u c t i o n  of 

combustion s t a b i l i t y  t h e o r y  i n t o  d e s i g n  c r i t e r i a  and a n a l y s i s  and c o r r e l a t i o n s  
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PROBLEM 

A. ABSTRACT 

This  program sol.ves t h e  combustion i n s t a b i l i t y  problem us ing  t h e  

s e n s i t i v e  t i m e  l a g  theory. This amounts b a s i c a l l y  t o  so lv ing  t h e  inhomogeneous 

Helmholtz equat ion  f o r  the  condi t ion  of n e u t r a l  s t a b i l i t y .  The inhomogeneous 

terms i n  t h e  Helmholtz equat ion  account f o r  t h e  mean flow and combustion e f f e c t s .  

The program cons iders  l ong i tud ina l  and t r ansve r se  modes of o s c i l l a t i o n .  It 

inc ludes  e f f e c t s  of non-uniform i n j e c t i o n ,  v e l o c i t y  e f f e c t s ,  and non-linear 

combustion response, 

The program i s  d iv ided  i n t o  s e v e r a l  subprograms which can e i t h e r  

be  run  toge the r  o r  s epa ra t e ly .  These subprograms inc lude  nozz le  admittance, 

l o n g i t u d i n a l  mode a n a l y s i s ,  t r ansve r se  mode a n a l y s i s ,  de sc r ib ing  func t ions  

f o r  combustion response,  and nonuniform i n j e c t i o n  parameters.  

B. TECHNICAL DESCRIPTION 

1. The Nature of Combustion I n s t a b i l i t y  

It i s  w e l l  known t h a t  t h e  processes  occurr ing  wi th in  a l i q u i d  

rocket  combustion chamber a r e  never e n t i r e l y  smooth. Even when t h e  mean oper- 

a t i n g  condi t ions  are cons t an t ,  f l u c t u a t i o n s  around t h e s e  mean va lues  occur  i n  

a l l  of t h e  q u a n t i t i e s  t h a t  c h a r a c t e r i z e  t h e  flow. The n a t u r e  of t h e  f luc tua -  

t i o n s  can vary  widely from one combustor t o  another  and i n  a s i n g l e  combustor 

f o r  d i f f e r e n t  ope ra t ing  condi t ions .  I f  t h e  f l u c t u a t i o n s  a r e  random and of 

smal l  amplitude, t h i s  uns teadiness  is r e f e r r e d  t o  a s  "combustion noise". With 

random f l u c t u a t i o n s  of l a r g e  amplitude, t h e  opera t ion  of t h e  rocke t  is  s a i d  t o  

be  "rough1', and t h e  func t ioning  of t h e  system of which t h e  rocket  i s  a p a r t  

may be  impaired. 
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I, B ,  Technical Desc r ip t i on  (cont , )  

Much more se r ious  than  rough ope ra t ion  i s  t h e  problem of 

combustion i n s t a b i l i t y ,  a l s o  termed uns tab le  combustion, o s c i l l a t o r y  com- 

bus t ion ,  o r  resonant  combustion. Whereas rough combustion r e f e r s  t o  random 

f l u c t u a t i o n s ,  combustion i n s t a b i l i t y  c o n s i s t s  of organized o s c i l l a t i o n s  t h a t  

a r e  maintained and amplif ied by t h e  combustion process  i t s e l f .  The va r ious  

types of combustion i n s t a b i l i t y  can be c l a s s i f i e d  roughly i n t o  t h r e e  ca t egor i e s :  

low frequency, i n t e rmed ia t e  frequency, and h igh  frequency. However, t h e  

c l a s s i f i c a t i o n  i s  n o t  based simply on frequency alone.  J u s t  a s  e l e c t r i c a l  and 

mechanical systems respond t o  s p e c i f i c  f requencies  depending on t h e  type of 

coupling, s o  a l s o  l i q u i d  rocket  systems e x h i b i t  r ep re sen ta t ive  frequency and 

amplitude p a t t e r n s .  

The b a s i c  coupling mechanisms f o r  t h e  t h r e e  genera l  types of 

combustion i n s t a b i l i t y  found i n  l i q u i d  p rope l l an t  rocke t  engines a r e  i l l u s t r a t e d  

i n  Figure 1. For t h e  low frequency ("chugging") t ype ,  i n t e r a c t i o n  between t h e  

p rope l l an t  feed  system and t h e  combustion chamber p l aces  t h e  frequency gene ra l ly  

l e s s  than  200 Hertz.  The coupling i s  e f f e c t e d  by t h e  o s c i l l a t i n g  p rope l l an t  

feed  r a t e s .  I n  t h e  case  of in te rmedia te  frequency combustion i n s t a b i l i t y  

(sometimes r e f e r r e d  t o  a s  entropy wave i n s t a b i l i t y ) ,  t h e  i n j e c t o r  charac te r -  

i s t i c s  ( e spec i a l ly  t h e  i n t e r n a l  i n j e c t o r  manifolding and o r i f i c e  impedances) 

account f o r  p a r t  of t h e  i n t e r a c t i o n ,  wi th  t h e  mean gas flow and pressure  wave 

propagat ion i n  t h e  combustion chamber completing t h e  process .  Typical f requencies  

a r e  i n  t h e  s e v e r a l  hundred Hertz range. 

I n  t h i s  r e p o r t ,  a t t e n t i o n  w i l l  be  focused on t h e  t h i r d  type  of 

combustion i n s t a b i l i t y ,  namely, high frequency i n s t a b i l i t y .  This type depends 

upon a coupling between t h e  combustion processes  and flow o s c i l l a t i o n s  i n  t h e  

combustion chamber. Such coupling r equ i r e s  no inpu t  from the  feed  system, 

although i t  i s  poss ib l e  f o r  t he  feed system t o  have a n  e f f e c t  when the  combustion 

chamber i s  l a r g e  and acous t i c  f requencies  a r e  reduced t o  s eve ra l  hundred cyc le s  

p e r  second, Normally, t h e  frequencies  t o  b e  expected a r e  i n  t h e  thousand Hertz 

range f o r  most cu r r en t  engines,  
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TABLE I 

s  F O R  A CYLLNORECAL Cm-MBER 
v rl 

For t r ansve r se  modes t h e  frequency of o s c i l l a t i o n  is  given by:  

Mode 

I s  t r a d i a l  

2nd r a d i a l  

3rd r a d i a l  

1st t a n g e n t i a l  

2nd t a n g e n t i a l  

3rd t a n g e n t i a l  

4 th  t a n g e n t i a l  

5 th  t a n g e n t i a l  

6 t h  t angen t i a l  

I T ,  1R .  combined 

2T, 1 R  combined 

3T, 1R combined 

4T, 1R  combined 

IT, 2R combined 

For a  l ong i tud ina l  mode t h e  frequency can be  est imated by: 

J- 

where: L; = l ength  of nozzle  i n  inches.  

M = average Mach number i n  nozzle-chamber combination 
m 
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L ,  R ,  Technical D e s c r i p t i o n  (cont,) 

The combustion chamber geometry i s  an important fac tor  in high  

frequency combustion i n s t a b i l i t y  because the  poss ib l e  frequencies  depend on 

t h e  i n t e r n a l  geometry. Since i t  i s  e f f e c t i v e l y  closed a t  one end by t h e  

i n j e c t o r  and has a  choked-flow exhaust nozz le  a t  t h e  o the r  end, t he  chamber 

a c t s  a c o u s t i c a l l y  much a s  a  double closed-end cav i ty .  For i n s t ance ,  f o r  pure ly  

long i tud ina l  modes, an approximate po in t  of e f f e c t i v e  r e f l e c t i o n  i n  t h e  nozzle  

can be determined t h e o r e t i c a l l y ;  between t h a t  po in t  and t h e  i n j e c t o r  f ace  

s tanding  p a t t e r n s  of acous t i c  waves can be e s t ab l i shed .  S imi la r ly  i n  t h e  

t r ansve r se  p lane ,  t a n g e n t i a l  modes of t h e  sp inning  o r  s tanding  types a s  w e l l  

a s  r a d i a l  modes may be e s t ab l i shed ,  Frequencies correspond approximately t o  

those of  t h e  a c o u s t i c  modes, e i t h e r  t h e  fundamental o r  h igher  harmonics. 

Modes conta in ing  combinations of t a n g e n t i a l ,  r a d i a l  and long i tud ina l  o s c i l l a -  

t i o n s  may a l s o  e x i s t ,  each cha rac t e r i zed  by i t s  own frequency. Pressure  and 

v e l o c i t y  p a t t e r n s  f o r  s e v e r a l  t r ansve r se  modes a r e  i l l u s t r a t e d  i n  Figure 2. 

However, d e s p i t e  t h e  s i m i l a r i t y  of t h e  modes and t h e  closeness  of f r equenc ie s ,  

t h e  continuous genera t ion  of gases produces e f f e c t s  t h a t  do not  e x i s t  i n  a  

c losed  chamber. I n  a  c losed  chamber, t h e  only source of damping o r i g i n a t e s  

from t h e  f r i c t i o n  on t h e  wa l l s .  This  source  of damping i s  a c t i v e  of course 

a l s o  i n  t h e  combustion chamber, bu t  i t  p lays  a  very modest r o l e  compared t o  

o t h e r ,  more powerful sources of damping. Indeed,  t h e  very ex i s t ence  of t h e  

nozzle  produces damping i n  t h e  case  of pure o r  combined long i tud ina l  modes 

because t h e  r e f l e c t i o n  of waves from t h e  convergent (subsonic) po r t ion  of 

t h e  nozz le  depa r t s  from t h a t  of t he  i d e a l  c losed end. For purely t r ansve r se  

waves t h i s  source of damping i s  missing,  and a c t u a l l y  i s  replaced by a  s l i g h t  

source  of ampl i f ica t ion .  

The most important source of damping, however, is r e l a t e d  t o  

t h e  process  of gas genera t ion  i t s e l f ,  and c o n s i s t s  of two p a r t s  of approxi- 

mately equal  importance, The most obvious comes from t h e  f a c t  t h a t ,  from t h e  

condi t ions  of the s t e a d y  p r o p e l l a n t  i n j e c t i o n  flow (s teady ,  of course,  only i f  

t h e  feed system pe r tu rba t ions  are d is regarded)  t he  combustion gases must have 

Page 6 
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I ,  B ,  Technical  Description (corzlr.) 

acquired,  a t  t h e  moment of genera t ion ,  t h e  perturbed momentum corresponding t a  

t h e  o s c i l l a t o r y  flow. The a c q u i s i t i o n  of t h i s  momentum demands a c e r t a i n  work 

which must be  absorbed from t h e  system. The f a c t  t h a t  momentum exchanges due 

t o  t he  drag of t h e  d r o p l e t s  can t ake  p l ace  p r i o r  t o  t h e  moment of genera t ion  

can only add a d d i t i o n a l  damping. 

The o t h e r ,  more s u b t l e  source  of damping comes from t h e  f a c t  

t h a t  a t  t h e  moment of genera t ion  t h e  volume of t h e  p rope l l an t  must change from 

i t s  p r a c t i c a l l y  n e g l i g i b l e  l i q u i d  volume, t o  t h e  f u l l  volume of t h e  burned 

gases .  To. t h i s  change of volume corresponds a c e r t a i n  "pumping work" propor- 

t i o n a l  t o  t h e  l o c a l  ins tan taneous  pressure .  Hence, more work must b e  absorbed 

from t h e  system when t h e  p re s su re  is h igher ,  and l e s s  when it  is  lower, t hus  

providing a n  e f f e c t i v e  damping mechanism. 

The s i g n i f i c a n c e  of t h e  preceding d iscuss ion  i s  t h a t ,  from t h e  

po in t  of view of i n s t a b i l i t y ,  each combustion system i s  cha rac t e r i zed  by c e r t a i n  

well-defined proper  frequencies  a t  which t h e  gases can o s c i l l a t e  i n  well-defined 

modes, and by c e r t a i n  damping mechanisms which absorb energy from t h e  o s c i l l a t i n g  

system. It i s  c l e a r  t h a t  s e l f - sus t a ined  o s c i l l a t i o n s  can e x i s t  (and i n s t a b i l i t y  

appear) only i f  t h e  combustion process  i s  a b l e  t o  genera te ,  a t  any one of t h e  

proper f requencies ,  enough feedback combustion energy ( i n  excess of t h e  steady- 

s t a t e  condi t ions)  t o  r e s t o r e  con t inua l ly  t h e  amount which is  being l o s t .  

Suppose, f o r  a moment, t h a t  t h e  amount of combustion feedback 

energy i s  independent of frequency. Then t h e  only important f a c t o r  i n  t h e  

balance would be  t h e  energy damping corresponding t o  each mode, t h a t  (o r  those)  

mode(s) becoming uns t ab le  which correspond(s)  t o  t h e  lowest l e v e l  of damping. 

Experience shows t h a t  t h i s  i s  n o t  t h e  case ,  and t h a t ,  f o r  a given i n j e c t o r ,  

t h e  s e l e c t i o n  of t h e  uns t ab le  mode i s  r a t h e r  governed by i t s  proper frequency 

than by i t s  damping l e v e l .  This has been shown t o  be  t h e  case  both f o r  
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I ,  B ,  Technical D e s c ~ i p t i o n  (eont ,) 

l ong i tud ina l  and f o r  t r a n s v e r s e  forms of i n s t a b i l i t y .  I n  both i t  has been 

poss ib l e  t o  observe the  switch from one uns tab le  mode t o  another  ( f o r  i n s t ance  

from t h e  fundamental t o  t h e  second mode) when t h e  geometr ical  (or  o t h e r )  con- 

d i t i o n s  a r e  gradual ly changed. It is  not  our purpose t o  d iscuss  here  t h e  

d e t a i l s  of the  t r a n s i t i o n  from one mode t o  t he  o the r  ( i t  does no t  t a k e  p lace  

suddenly) ,  bu t  r a t h e r  t o  po in t  out t h a t  t h e  t r a n s i t i o n  occurs  i n  such a way a s  

t o  maintain the  o s c i l l a t i o n  frequency wi th in  a wel l-defined narrow range. 

The only l o g i c a l  i n t e r p r e t a t i o n  of t h i s  observa t ion  i s  t h a t  not  

only t h e  combustion feedback energy must depend on frequency, bu t  t h a t  a c t u a l l y  

only i n  a narrow range around one, w e l l  def ined ,  frequency (determined i n  a 

complicated way by the  var ious  geometr ica l ,  phys ica l  and chemical condi t ions  

on which t h e  combustion process  depends),  can t h e  combustion feedback energy 

reach a l e v e l  s u f f i c i e n t  t o  balance the  damping. 

The empir ica l ly  observed ex i s t ence  f o r  a given combustion 

system of one narrow frequency range i n  which i n s t a b i l i t y  can appear can be 

i n t e r p r e t e d  by s t a t i n g  t h a t ,  among t h e  f e a t u r e s  cha rac t e r i z ing  t h e  response of 

a given combustion system t o  o s c i l l a t o r y  condi t ions ,  one can s i n g l e  ou t  a 

" c h a r a c t e r i s t i c  time" simply p ropor t iona l  t o  t h e  r e c i p r o c a l  of frequency, such 

t h a t  only when i t s  r a t i o  t o  t h e  o s c i l l a t i o n  period i s  around a c e r t a i n  va lue ,  

maximum feedback can be generated and, poss ib ly ,  i n s t a b i l i t y  produced. 

This  behavior has s i m i l a r i t i e s  t o  t h a t  of a resonant  system, 

which i s  a b l e  t o  o s c i l l a t e  a t  c e r t a i n  n a t u r a l  f requencies  wi th  amplitudes t h a t  

depend on t h e  va lue  of t h e  frequency of t h e  e x c i t i n g  fo rces  compared t o  those  

of t h e  n a t u r a l  f requencies .  I n  t he  combustion i n s t a b i l i t y  problem a l s o  the  

e x c i t i n g  fo rce  due t o  t h e  unsteady combustion processes  i s  charac te r ized  by 

i t s  own frequency (or  i t s  c h a r a c t e r i s t i c  t ime),  and maximum amplitudes a r e  t o  

be expected where t h e r e  i s  coincidence wi th  one of t h e  proper f requencies ,  
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However, t he re  is  an  important  di££erence,residing i n  t h e  f a c t  t h a t  t h e  

e x c i t i n g  f o r c e  i s  n o t  independently appl ied  from t h e  ou t s ide ,  b u t  is  produced 

( i n  a s o r t  of feedback loop) by t h e  o s c i l l a t i o n s  themselves,  with the  r e s u l t  

t h a t  cons idera t ions  of s t a b i l i t y  appear and t ake  fundamental importance, and 

t h a t  the  eventual  o s c i l l a t o r y  s i t u a t i o n  i s  determined by nonl inear  e f f e c t s .  

Nevertheless t h e  terms "resonance" and "resonant" a r e  o f t e n  appl ied  a l s o  t o  

t h i s  case.  

It appears t h a t  t h e  knowledge of t h e  c h a r a c t e r i s t i c  time asso- 

c i a t e d  wi th  a p a r t i c u l a r  combustion system would be of primary importance i n  

t h e  design of new rocke t s ,  s i n c e  i t  determines i n  which mode i n s t a b i l i t y  i s  

a b l e  t o  appear.  Such a knowledge could, f o r  i n s t ance ,  a l low the  choice of t he  

chamber and i n j e c t o r  geometry i n  such a way t h a t  a l l  of t h e  proper f requencies  

would be too  high t o  become uns tab le .  Unfortunately,  even assuming t h e  

c h a r a c t e r i s t i c  t i m e  t o  be  known, t h e  choice of t he  p rope l l an t  combination, as 

w e l l  a s  t h e  chamber and b a s i c  i n j e c t i o n  system geometry, has  always been 

f ixed  i n  t h e  p a s t  during t h e  e a r l y  s t ages  of development programs based on 

o the r  s t r i n g e n t  requirements of s i z e ,  weight and performance, and t h e r e  i s  very 

l i t t l e  chance t h a t  even i n  t h e  f u t u r e  t h e  des igners  may base  t h e i r  designs only 

on s t a b i l i t y  requirements.  Therefore,  a more s o p h i s t i c a t e d  approach t o  t h e  

problem of s t a b i l i t y  i s  necessary ,  i n  which t h e  second condi t ion  f o r  appearance 

of i n s t a b i l i t y ,  t h a t  of t h e  energy balance,  i s  a l s o  taken i n t o  cons idera t ion .  

I n  o t h e r  words, even i f  it i s  impossible t o  avoid having some of t he  proper  

frequencies  f a l l  i n  t h e  range where they may become uns t ab le  f o r  t he  given 

combustion system one should make s u r e  t h a t  f o r  t h e  corresponding modes t h e  

combustion feedback i s  no t  s u f f i c i e n t  t o  balance t h e  damping. 

C lea r ly  t h e r e  a r e  two ways i n  which t h i s  balance can be 

improved i n  favor  of s t a b i l i t y :  one is  t h e  depression of t he  combustion 

feedback, t h e  o t h e r  t h e  i n c r e a s e  of t h e  damping. O f  t h e  two s o l u t i o n s ,  t h e  
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second has been favored i n  r ecen t  times because it i s  b e t t e r  understood and 

hence e a s i l y  con t ro l l ed .  Such damping devices  a s  b a f f l e s  o r  acous t i c  l i n e r s  

have been in t roduced ,  t o  t h e  cos t  of more o r  l e s s  profound design complicat ions,  

and have been very e f f e c t i v e  i n  producing s u b s t a n t i a l  l e v e l s  of damping, due 

t o  t h e  d i s s i p a t i o n  caused by t h e  devices .  A t  t he  same time t h e s e  devices  a l s o  

e n t a i l  a  change of t h e  proper f requencies ,  and, i n  view of t h e  previous d iscuss ion ,  

t h i s  change can a l s o  have an  e f f e c t  on t h e  balance. 

On the  o the r  hand, t he  s o l u t i o n  of depressing the  combustion 

feedback has not  been used i n  any cons i s t en t  and sys temat ic  fash ion ,  bu t  only 

by looking f o r  i n j e c t o r  designs which, f o r t u i t o u s l y  o r  near ly  s o ,  r e s u l t  i n  t h e  

most s t a b l e  ope ra t ion  on t h e  t e s t  s tand .  

It may be added t h a t  a  t h i r d ,  and t h e  most e f f e c t i v e  s o l u t i o n ,  

c l e a r l y  cons i s t s  i n  applying simultaneously the  two s o l u t i o n s  above, by (1) 

using an i n j e c t o r  a s  s t a b l e  a s  poss ib l e ,  and (2) adding a  c e r t a i n  amount of 

e x t r a  damping t o  a t t a i n  whatever s a f e t y  margin i s  requi red .  

The d i f f i c u l t y  wi th  a  sys temat ic  app l i ca t ion  of t h e  second 

(or  t h e  t h i r d )  s o l u t i o n  has been t h a t  t h e  behavior of t h e  combustion systems 

under o s c i l l a t o r y  condi t ions  i s  s t i l l  very incompletely understood, s o  t h a t  i t  

i s  impossible  today, s t a r t i n g  from the  fundamental cons idera t ion  of t h e  b a s i c  

physico-chemical processes  involved,  no t  only t o  p r e d i c t  t h e  va lue  of t h e  

c h a r a c t e r i s t i c  time o r  t he  magnitude of t h e  energy feedback, but o f t e n  even 

the  very d i r e c t i o n  i n  which these  q u a n t i t i e s  a r e  a f f e c t e d  by a change i n  design. 

However, a  l e s s  fundamental approach e x i s t s ,  which may s t i l l  he lp  

t h e  designer  considerably,  t h a t  i s  based upon t h e  i d e a  of e s t a b l i s h i n g  empir ica l  

c o r r e l a t i o n s  between t h e  c h a r a c t e r i s t i c  time and t h e  energy feedback on one s i d e  

and ,  on %he o ther  side, a certa-in nu,mber of app ropr i a t e  combinations of para- 

meters cha rac t e r i z ing  the  i n j e c t o r  geometry, t he  p rope l l an t  mixture and t h e  
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opera t ing  condi t ions .  The f e a s i b i l i t y  of such an approach i s  o f f e red  by t h e  

s e n s i t i v e  t ime l a g  concept,  introduced by Crocco i n  1951 (Ref. 1 ) .  Although 

o r i g i n a l l y  formulated wi th  t h e  s o l e  i n t e n t  of gaining an  i n s i g h t  i n t o  t h e  

e s s e n t i a l  f e a t u r e s  of t he  high frequency i n s t a b i l i t y  phenomenon, t h e  s e n s i t i v e  

time l a g  combustion model was l a t e r  found t o  p r e d i c t  accura te ly  t h e  q u a n t i t a t i v e  

behavior of t h e  system i n  q u i t e  a few cases.  I n  f a c t ,  t h i s  was beyond t h e  expec- 

t a t i o n s  f o r  such a h e u r i s t i c  approach. 

This is  indeed the  primary advantage of t h e  s e n s i t i v e  t i m e  

l a g  concept,  t h a t  t h e  complexity of t h e  a c t u a l  combustion process' can be avoided 

through t h e  use  of a very sma l l  number of lumped parameters.  This  i s  n o t  t o  

say  t h a t  phenomena, such a s  d r o p l e t  breakup, vapor iza t ion ,  mixing, chemical 

r e a c t i o n s ,  e t c . ,  a r e  not  important i n  determining s t a b i l i t y  and performance 

c h a r a c t e r i s t i c s ,  b u t  r a t h e r  t h a t ,  l ack ing  such s p e c i f i c  knowledge, t he  genera l  

na tu re  of t h e  coupling between the  chamber condit ions and the  combustion process  

may s t i l l  be descr ibed.  

According t o  t h e  Crocco model, t h e  dynamic a spec t s  of t h e  

injection-combustion process  t h a t  a r e  of s i g n i f i c a n c e  i n  high frequency 

i n s t a b i l i t y  a r e  cha rac t e r i zed  by a time l a g ,  which is  s e n s i t i v e  t o  t h e  l o c a l ,  

ins tan taneous  va lues  of p re s su re ,  temperature,  gas v e l o c i t y ,  e t c .  The degree 

of s e n s i t i v i t y  i s  measured by one o r  more i n t e r a c t i o n  ind ices .  The s e n s i t i v e  

t ime l a g ,  then ,  p lays  t h e  r o l e  of t h e  above discussed c h a r a c t e r i s t i c  t ime,  

while  t h e  i n t e r a c t i o n  i n d i c e s ,  properly combined, hold t h e  key t o  t he  magnitude 

of t h e  energy feedback. Thus, t h e  occurrence of high frequency combustion 

i n s t a b i l i t y  is  seen  t o  r e s u l t  from t h e  matching of t he  s e n s i t i v e  combustion time 

l a g  wi th  one of t h e  proper  frequencies  of the  combustion chamber, provided t h a t  

t h e  degree of s e n s i t i v i t y  of t h e  combustion i s  s u f f i c i e n t l y  l a r g e  t o  o f f s e t  the  

damping e f f e c t s  present  i n  t h e  chamber. The s t a b i l i t y  condi t ions  can then  be 

expressed only i n  terms of t h e  time l a g  and the  i n t e r a c t i o n  i n d i c e s ,  and t h e  

ways t o  s t a b i l i z a t i o n  a r e  e a s i l y  discussed.  
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2. The Sens i t i ve  Time Lag Concept 

The l i q u i d  propel lan t  combustion process  may b e  represented  

schematical ly  a s  i n  Figure 3 ,  which shows t h e  volume of a p rope l l an t  element 

from t h e  i n s t a n t  of i n j e c t i o n  u n t i l  conversion t o  f i n a l  combustion products i s  

accomplished. I n i t i a l l y ,  i n  t h e  l i q u i d  s t a t e ,  t h e  volume i s  small.  The con- 

ve r s ion  t o  gaseous products  takes  p l ace  more o r  l e s s  gradual ly ,  depending on 

t h e  degree of a tomizat ion,  t h e  i n t e n s i t y  of mixing, t h e  chemical na tu re  of  

t h e  r e a c t a n t s ,  and so  on. This  gradual  change i s  rep laced ,  f o r  a n a l y t i c a l  

s i m p l i c i t y ,  by a s t e p  func t ion ,  as shown i n  Figure 3. This i s  not  t o  say  t h a t  

t h e  combustion process  i s  thought t o  occur ins tan taneous ly ,  b u t  t h a t  such 

s i m p l i f i c a t i o n  may reasonably desc r ibe  t h e  e s s e n t i a l  na tu re  of t h e  combustion 

process  from a dynamic po in t  of view. The s t e p  func t ion  approximation of t h e  

o v e r a l l  combustion process  de f ines  a c h a r a c t e r i s t i c  t ime, c a l l e d  t h e  " t o t a l  

time lag"  f o r  t h e  p rope l l an t  element considered and denoted by 'CT. This t i m e ,  

of t h e  o rde r  of a few mi l l i seconds ,  i s  n o t  r ep re sen ta t ive  of t he  c h a r a c t e r i s t i c  

t imes of h igh  frequency i n s t a b i l i t y .  Rather ,  t h e  t o t a l  t i m e  l a g  is  b a s i c  t o  

t h e  low frequency type  of combustion i n s t a b i l i t y .  However, t h e  t o t a l  t ime l a g ,  

t oge the r  wi th  t h e  v e l o c i t y  h i s t o r y  of t h e  i n j e c t e d  p rope l l an t s ,  determines 

t h e  space l a g ,  t h a t  i s ,  t h e  l o c a t i o n  i n  t h e  chamber a t  which combustion of 

t h e  p a r t i c u l a r  p rope l l an t  element i s  tak ing  place.  It is t h i s  aspec t  of t h e  

t o t a l  time l a g  t h a t  cannot be  d is regarded  when considering h igh  frequency 

i n s t a b i l i t y .  This  p o i n t  w i l l  b e  discussed f u r t h e r  i n  a l a t e r  s ec t ion .  It 

s u f f i c e s  t o  say  he re  t h a t  t h e  s t e p  func t ion  approximation i s  compatible w i t h  

any combustion d i s t r i b u t i o n  i n  t h e  chamber, s i n c e  'CT can be d i f f e r e n t  f o r  

d i f f e r e n t  p rope l l an t  elements. 

The lower diagram of Figure 3 i l l u s t r a t e s  t h e  important concept 

t h a t  no t  a l l  of t h e  processes  t h a t  occur during the  combustion of l i q u i d  

p rope l l an t s  a r e  equal ly  a f f e c t e d  by t h e  combustion environment. Consider f i r s t  

only the  e f f e c t  of pressure  (and c o r r e l a t e d  temperature) o s c i l l a t i o n s .  
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I n i t i a l l y ,  only l i q u i d  s t reams,  l igaments ,  o r  r e l a t i v e l y  l a r g e  d r o p l e t s  a r e  

a v a i l a b l e  i n  condi t ions  unfavorable  t o  combustion. It i s  t o  be  expected t h a t  

p r e s su re  pe r tu rba t ions  i n t e r a c t  only s l i g h t l y  wi th  p r o p e l l a n t s  i n  t h a t  degree 

of p repara t ion .  I n  t h e  l a t e r  p o r t i o n  of t he  p repa ra t i on  phase (as  t h e  nominal 

TT v a l u e  i s  approached),  d r o p l e t s  a r e  sma l l  and i n t e r s p e r s e d ;  moreover f u e l  and 

o x i d i z e r  s p e c i e s  a r e  mixed. Hence, burning r a t e s  a r e  r e a d i l y  in f luenced  by 

ins tan taneous  p re s su re  changes. This  increased  s e n s i t i v i t y  t o  d i s tu rbances  

i n  p re s su re  and temperature i s  represen ted  on t h e  f i g u r e  by a  h ighe r  i n s t an -  

taneous "pressure  i n t e r a c t i o n  i n d e x t t , n .  The p o r t i o n  of t h e  t o t a l  t i m e  l a g  t h a t  

i s  a s soc i a t ed  wi th  t h i s  high s e n s i t i v i t y  can be a t t r i b u t e d  an approximately 

cons tan t  mean va lue  of t h e  i n t e r a c t i o n  index and i s  c a l l e d  t h e  " s e n s i t i v e  t i m e  

l ag" ,  denoted by T. The e a r l y  p o r t i o n  i s  r e f e r r e d  t o  a s  t h e  " i n s e n s i t i v e  t i m e  

lag",  T i ,  and t h e  corresponding i n t e r a c t i o n  index is  taken  t o  be zero. Again, 

t h e  s tep- func t ion  approximation i s  u s e f u l  t o  reach a  s imple a n a l y t i c a l  descr ip-  

t i on .  The s e n s i t i v e  t ime l a g  i s  of t h e  o rde r  of a  few t e n t h s  of a  mi l l i second  

(an o rde r  of magnitude smal le r  t han  t h e  t o t a l  t i m e  l a g ) .  It p lays  t h e  r o l e  i n  

t h e  frequency combustion i n s t a b i l i t y  of t h e  " c h a r a c t e r i s t i c  t i m e "  d i scussed  

prev ious ly .  The energy feedback r e s u l t i n g  from p re s su re  o s c i l l a t i o n s  can be  

c a l c u l a t e d  i n  t e r m s  of T and t h e  i n t e r a c t i o n  index ,  n ,  S imi l a r ly  t h e  energy 

feedback r e s u l t i n g  from gas v e l o c i t y  o s c i l l a t i o n s  can be  ca l cu l a t ed  i n  terms 

of a  v e l o c i t y - s e n s i t i v e  t i m e  l a g  (which may coincide w i th  t h e  one a l r eady  

def ined)  and of an app rop r i a t e  "ve loc i ty  i n t e r a c t i o n  indext t ,  and t h e  same would 

apply t o  t h e  i n t e r a c t i o n  with o t h e r  p o s s i b l e  phys i ca l  q u a n t i t i e s .  

I n  t h e  schematic  r e p r e s e n t a t i o n  j u s t  d i scussed  two (or  more) 

combustion parameters have been def ined  t h a t  a r e  of key importance t o  f u r t h e r  

d i s cus s ions  of high frequency i n s t a b i l i t y .  The f i r s t  i s  t h e  s e n s i t i v e  t i m e  

l a g ,  7 ,  which p l aces  t h e  combustion process  i n  proper  pe r spec t ive  wi th  t h e  

t imes corresponding t o  t h e  va r ious  a c o u s t i c  modes a s soc i a t ed  wi th  t h e  chamber 

geometry. The second parameter ,  t h e  i n t e r a c t i o n  index, n (and, pos s ib ly ,  other 

parameters ,  r ep re sen t ing  the a d d i t i o n a l  i n t e r a c t i o n  i n d i c e s  of r e l evance ) ,  must 

exceed a c e r t a i n  minimm Level i f  the danping i s  t o  b e  balanced and s e l f  

amplifying 01- sustained o s c i l l a t i o n s  are t o  be  generated,  
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These po in t s  a r e  f u r t h e r  c l a r i f i e d  (where only one i n t e r a c t i o n  

index i s  r e l evan t )  by a s t a b i l i t y  diagram using T a s  t h e  absc i s sa  and n as t h e  

o rd ina t e  (Figure 4) ,  r e l a t i v e  t o  t he  f i r s t  t a n g e n t i a l  (IT) mode. A s  a l ready  

observed, t h e  resonant  behavior of t h e  system is  such t h a t  t h e  maximum amount 

of energy feedback i s  obta ined  when t h e  r a t i o  of t h e  c h a r a c t e r i s t i c  time t o  

t h e  o s c i l l a t i o n  period ( i n  t h i s  ca se  of t he  1T mode) i s  around a c e r t a i n  va lue  

(which f o r  t h e  present  simple combustion model i s  2 ) .  A t  the  corresponding 

va lue  of T ,  evident ly ,  t h e  damping processes  can be balanced wi th  the  minimum 

va lue  of n A t  o t h e r  va lues  of  T t he  e f f ec t iveness  of t h e  feedback process  
min' 

decreases ,  and hence l a r g e r  va lues  of n a r e  requi red  t o  reach t h e  balance,  t h e  

va lues  i nc reas ing  wi th  inc reas ing  dev ia t ions  of r from the  va lue  of maximum 

e f fec t iveness .  The curve of Figure 4 r ep re sen t s ,  f o r  t he  given mode, t h e  n-T 

combinations f o r  which a balance between feedback and damping i s  obtained.  I f ,  

f o r  given r ,  n i s  smal le r  than  t h e  va lue  which produces t h e  balance,  per turba-  

t i o n s  w i l l  decay as a r e s u l t  of t h e  excessive damping; i f  on t h e  cont ra ry  n i s  

l a r g e r ,  pe r tu rba t ions  w i l l  amplify a s  a r e s u l t  of t h e  excessive feedback. 

Hence t h e  curve provides t he  s t a b i l i t y  boundary between the  s t a b l e  reg ion  of 

Figure 4 (under t h e  curve) and t h e  uns t ab le  reg ion  (above t h e  curve) .  

A given combustion system i s  cha rac t e r i zed  by a c e r t a i n  va lue  

of t h e  i n t e r a c t i o n  index. I f  t h i s  va lue  i s  l e s s  t han  n no i n s t a b i l i t y  a t  a l l  min 
i s  poss ib le .  I f  t h e  i n t e r a c t i o n  index i s  j u s t  equal  t o  n min' then  i n s t a b i l i t y  

is  poss ib l e ,  bu t  only i f  t h e  matching of t h e  proper time of t h e  chamber and t h e  

c h a r a c t e r i s t i c  combustion time is pe r f ec t .  For n > nmin t h e  time-matching 

requirement i s  less s t r i n g e n t ,  i . e . ,  a c e r t a i n  mismatch of t h e  t i m e s  w i l l  s t i l l  

r e s u l t  i n  i n s t a b i l i t y .  A s  t h e  va lue  of n i nc reases ,  t h e  amount of a l lowable 

mismatching a l s o  inc reases .  

For o the r  modes than  t h e  1T mode, t he  s t a b i l i t y  boundary can be 

represented  i n  a s i m i l a r  way, t he  s c a l e  of T properly s h i f t e d .  Pu t t i ng  t h e  

s t a b i l i t y  boundaries corresponding t o  d i f f e r e n t  modes on the  same p l o t  r e s u l t s  



UNSTABLE 

F i g u r e  4 -- S t a b i l i t y  Diagram, n ,  T ,  - Plane 

Page 1 6  





Report Lb692-L2U 

1, B, Technical Descr ip t ion  ( con r , )  

i n  Figure 5 ,  where an o v e r a l l  s t a b i l i t y  reg ion ,  r ega rd l e s s  of mode, i s  now 

evident .  P l o t s  of t h i s  kind a r e  fundamental t o  t h e  methods t o  be discussed 

ex tens ive ly  i n  t h i s  r epo r t .  However, two remarks, t o  be s u b s t a n t i a t e d  l a t e r ,  

should be made. 

The f i r s t  remark i s  t h a t  such a  c l e a r c u t  boundary between , 
s t a b i l i t y  and i n s t a b i l i t y  i s  obtained only i f  t h e  pe r tu rba t ions  a r e  assumed t o  

b e  of smal l  amplitude. This is  indeed t h e  assumption on which most of t h e  

t h e o r e t i c a l  developments on combustion i n s t a b i l i t y  have been based. Within 

t h i s  assumption a l l  e f f e c t s  of t he  pe r tu rba t ions  can be assumed t o  vary 

l i n e a r l y  wi th  t h e  pe r tu rba t ion  ampli tudes,  t h e  mathematical t reatment  i s  

accordingly s u b s t a n t i a l l y  s impler ,  and t h e  ( l i n e a r )  s t a b i l i t y  boundary 

unequivocally def ined ,  t h e  l i n e a r l y  uns t ab le  reg ion  being p r a c t i c a l l y  i n t e r -  

p re t ed  a s  t h a t  i n  which o s c i l l a t i o n s  grow spontaneously out  of t h e  random 

combustion noise .  However, i n  r e a l  p r a c t i c e  t h e  pe r tu rba t ions  a r e  no t  

neces sa r i l y  l i m i t e d  t o  t h e  range where a l l  of t h e i r  e f f e c t s  vary l i n e a r l y  wi th  

t h e  amplitude, and when t h e  cont ra ry  happens important nonl inear  e f f e c t s  may 

appear.  Some e f f e c t s  of  non l inea r i t y  can be derived t h e o r e t i c a l l y ,  a t  t h e  

cos t  of s u b s t a n t i a l  mathematical complexi t ies .  But what i s  important t o  t he  

present  q u a l i t a t i v e  d iscuss ion  is  t h a t ,  while  t h e  l i n e a r l y  uns tab le  reg ion  

always remains a  reg ion  of i n s t a b i l i t y ,  t h e  corresponding s tatement  f o r  t he  

l i n e a r l y  s t a b l e  reg ion  is not  t r u e .  I n  o the r  words, a  system corresponding 

i n  t h e  n-T p lane  t o  a  po in t  of t h e  l i n e a r l y  s t a b l e  reg ion  may be t r i gge red  

i n t o  amplifying o r  s e l f - s u s t a i n i n g  o s c i l l a t i o n s  by a  pe r tu rba t ion  ( f o r  i n s t ance ,  

a  pu lse)  of s u f f i c i e n t l y  l a r g e  amplitude. Only i f  t he  pu l se  remains under a  

c e r t a i n  c r i t i c a l  l e v e l  do t h e  r e s u l t i n g  o s c i l l a t i o n s  decay - i n  agreement with t h e  

p red ic t ions  of t h e  l i n e a r  theory.  This nonl inear  behavior  p lays  an important 

r o l e  i n  rocke t s ,  and has t o  be taken i n t o  account when i n t e r p r e t i n g  the  experi-  

mental r e s u l t s .  
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The second remark i s  t h a t  the  curves of Figures 4 and 5 depend 

no t  only on t h e  chamber and nozzle  geometries,  b u t  a l s o  on t h e  t r ansve r se  and 

long i tud ina l  d i s t r i b u t i o n s  of combustion, t h e  f i r s t  being s u b s t a n t i a l l y  de te r -  

mined by the  d i s t r i b u t i o n  of t h e  i n j e c t i o n  f l u x  ac ros s  t h e  i n j e c t o r ,  t h e  second 

by t h e  d e t a i l s  of t h e  i n d i v i d u a l  combustion processes  (such a s  atomizat ion,  

evaporat ion,  mixing and chemical r e a c t i o n s ,  r e c i r c u l a t i o n  flow, e t c . ) .  The 

s i g n i f i c a n c e  of t h e  t o t a l  t ime l a g  T~ i n  t h i s  connection has been mentioned 

already.  Large va lues  of T o the r  f a c t o r s  being equa l ,  w i l l  spread t h e  com- 
T' 

bus t ion  toward t h e  nozzle  end of t h e  chamber. I f  t h e  t o t a l  time l a g  is  too  

l a r g e  f o r  t he  chamber i n  ques t ion ,  performance w i l l  s u f f e r  because of incomplete 

burning p r i o r  t o  t h e  nozzle  entrance.  Since the  reg ion  of maximum combustion 

is  c l o s e l y  a s soc i a t ed  wi th  t h e  reg ion  where p rope l l an t s  have reached t h e  sens i -  

t i v e  s t a t e  i n  t h e  p repa ra t ion  process ,  i t  i s  i n  t h i s  genera l  l o c a t i o n  t h a t  

i n t e r a c t i o n  between t h e  combustion process and t h e  a c o u s t i c  modes reaches a  

maximum 1 eve 1. 

For t h e  fundamental l ong i tud ina l  mode, pressure  ant inodes a r e  

found a t  t h e  i n j e c t o r  and the  nozzle  end of t h e  chamber, a s  shown i n  Figure 6. 

Higher harmonics w i l l  have a d d i t i o n a l  pressure  ant inode loca t ions .  I f  com- 

bus t ion  i s  uniformly d i s t r i b u t e d  from one end of t h e  chamber t o  t h e  o t h e r ,  

maximum i n s t a b i l i t y  coupling cannot t ake  p lace  s i n c e  t h e r e  i s  a reg ion  (or  

reg ions ,  i n  t h e  harmonics) i n  which a  p re s su re  nodal environment is  approached. 

I f  t h e  wave i s  s i n u s o i d a l ,  a  t r u e  node is  found; o therwise ,  only an o s c i l l a -  

t i o n  wi th  reduced amplitude w i l l  b e  observed. The l i m i t i n g  case of a  non- 

s i n u s o i d a l w a v e  i s  t h a t  of  a  shock wave, t h e  amplitude v a r i a t i o n  of which i s  

shown i n  Figure 6. I n  t h e  nodal region,  even with proper  time phasing, t o o  

l i t t l e  energy i s  a v a i l a b l e  from t h e  increased  burning r a t e  t o  cause t h e  p re s su re  

o s c i l l a t i o n s  t o  be amplif ied.  However, i f  combustion i s  concentrated a t  t h e  

i n j e c t o r  end, t h e  b e s t  environment f o r  energy t r a n s f e r  t o  t h e  pressure  o s c i l l a -  

t i o n s  i s  provided. 
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The s teady s t a t e  combustion r a t e  is  approximately p ropor t iona l  

t o  t h e  rate of change of a x i a l  gas v e l o c i t y  wi th  d i s t ance  from the  i n j e c t o r .  

Typical  v e l o c i t y  p r o f i l e s  a r e  shown i n  Figure 7. Two extremes a r e  apparent :  

(1) t h e  concentrated combustion case  i n  which near-maximum gas v e l o c i t i e s  

a r e  produced w i t h i n  a  s h o r t  d i s t a n c e  from the  i n j e c t o r ,  a s  shown by curve "A", 

and (2) t h e  nea r ly  uniform combustion case  i n  which t h e  a x i a l  v e l o c i t y  curve 

i s  nea r ly  l i n e a r ,  a s  represented  by curve "B". Rocket experience has  shown 

t h a t  t h e  a c t u a l  v e l o c i t y  d i s t r i b u t i o n s  f a l l  w i th in  t h e s e  extremes. Thus, 

combustion concentrated near  t h e  nodal p o i n t  and combustion concentrated near  

t h e  ant inode a t  t h e  nozzle  end are both u n r e a l i s t i c  s i t u a t i o n s .  

The t r a n s v e r s e  modes may a l s o  b e  discussed on a somewhat 

s i m i l a r  b a s i s .  Experimental measurements a t  a number of l a b o r a t o r i e s  have 

shown t h a t  maximum amplitudes f o r  t he  t a n g e n t i a l  modes a r e  always found a t  t h e  

i n j e c t o r  end. Thus, t o  reduce coupling, a x i a l l y  d i s t r i b u t e d  combus t i o n  can 

o f f e r  cons iderable  improvement a s  compared t o  t h e  concentrated combustion case ,  

j u s t  a s  was found f o r  t h e  long i tud ina l  mode. I n  t he  r a d i a l  d i r e c t i o n  t h e  com- 

bus t ion  d i s t r i b u t i o n  p i c t u r e  is more complicated. A s  shown i n  Figure 8, pres- 

s u r e  o s c i l l a t i o n  amplitudes vary r a d i a l l y ,  and the  v i b r a t i o n  i s  s t rong ly  depend- 

e n t  on the  mode. The f i r s t  and second t a n g e n t i a l  modes a r e  s i m i l a r  t o  each 

o the r  bu t  q u i t e  d i f f e r e n t  from t h e  f i r s t  r a d i a l  mode. To promote i n s t a b i l i t y  

i n  t he  f i r s t  t a n g e n t i a l  mode, assuming t h a t  t h e  n,  r values a r e  s u i t a b l e ,  one 

would choose an i n j e c t o r  design t h a t  would provide rap id  burning ( i . e . ,  smal l  

r t o  keep t h e  combustion near  t h e  i n j e c t o r  face)  and would have t h e  i n j e c t i o n  
T ' 

o r i f i c e s  concent ra ted  a t  t he  ou te r  r a d i i .  E i the r  spreading t h e  combustion 

a x i a l l y  o r  moving t h e  i n j e c t i o n  toward t h e  cen te r  of t h e  chamber would reduce 

t h e  degree of coupling. I f  t h e  f i r s t  r a d i a l  mode i s  a l s o  considered,  then a  

compromise l o c a t i o n  near t h e  ha l f - rad ius  p o i n t  would prove t o  be  t h e  b e s t  

i n j e c t i o n  point .  This p r i n c i p l e  has  been v e r i f i e d  i n  an i n v e s t i g a t i o n  of a  

number of i n j e c t i o n  d i s t r i b u t i o n s  by t h e  Aerojet-General Corporation using 

high-thrus t hardware (Ref 2) .  
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The q u a l i t a t i v e  d i scuss ion  j u s t  given i s  based on t h e  assump- 

t i o n  t h a t  t h e r e  is  only one r e l evan t  i n t e r a c t i o n  index. When more than  one has  

t o  be taken  i n t o  account,  t h e  e f f e c t  of each a d d i t i o n a l  i n t e r a c t i o n  index 

produces a  displacement of t he  s t a b i l i t y  boundaries i n  t h e  n-T plane,  and t h e  

i n t e r p r e t a t i o n  becomes correspondingly more d i f f i c u l t .  E f f ec t s  of t h i s  kind 

a r e  found, f o r  i n s t a n c e ,  when the  combustion r a t e s  a r e  s e n s i t i v e  t o  t h e  

t r ansve r se  v e l o c i t y  pe r tu rba t ions  c h a r a c t e r i s t i c  of t r a n s v e r s e  o s c i l l a t i o n s .  

One can v i s u a l i z e  important coupling mechanisms r e l a t e d  t o  t h e  i n e q u a l i t i e s  i n  

t h e  displacements of l i q u i d  drops and p rope l l an t  vapors t h a t  a r e  produced by 

such o s c i l l a t i o n s .  The l o c a l  mixture r a t i o  can be  a l t e r e d ,  wi th  r e s u l t i n g  

changes i n  t he  burning r a t e ,  i f  one of t h e  p rope l l an t s  is  d isp laced  wi th  r e spec t  

t o  t he  o ther .  Even with unlike-impinging i n j e c t o r  elements such an e f f e c t  

e x i s t s ,  b u t  it may be e spec i a l ly  s i g n i f i c a n t  i n  l ike-on-l ike des igns ,  where 

t h e  f a c t  t h a t  a c e r t a i n  l e v e l  of displacement must be reached before  s i g n i f i c a n t  

a l t e r a t i o n s  of mixture r a t i o  occur,  may r e s u l t  i n  a  p a r t i c u l a r  type of t r i g g e r i n g  

i n t o  nonl inear  i n s t a b i l i t y .  

It is  i n t e r e s t i n g  i n  t h i s  connection t o  observe t h a t  t h i s  

e f f e c t  may be p a r t i c u l a r l y  i n t e n s e  i n  t h e  reg ion  immediately ad jacent  t o  t h e  

i n j e c t o r  where one can expect d rop le t s  and vapors t o  be present  i n  abundance, 

and i n  very unmixed condit ions.  Thus, i t  is c l e a r  t h a t  i n  t h e  use of b a f f l e s  

and l i n e r s  t h e r e  must be a  cons idera t ion  of the  combustion d i s t r i b u t i o n  i n  t h e  

chamber. I n  gene ra l ,  i t  has been found t h a t  f o r  t a n g e n t i a l  modes t h e  o s c i l l a -  

t i o n  amplitudes a r e  g r e a t e s t  a t  the  i n j e c t i o n  end of t h e  chamber, combustion 

r a t e s  a r e  maximum a  few inches from t h e  i n j e c t o r  and coupling between t h e  

combustion process  and t a n g e n t i a l  waves i s  g r e a t e s t  i n  t h e  ou te r  reg ions  of 

t h e  i n j e c t o r  face .  I f  t h e  chamber volume i s  subdivided by b a f f l e s ,  t h e  

dimensions of t h e  c a v i t i e s  between b a f f l e s  determine the  period of o s c i l l a t i o n .  

Combining these  p r i n c i p l e s ,  i t  i s  concluded t h a t  i f  b a f f l e s  a r e  t o  be  used t o  

c o n t r o l  t a n g e n t i a l  m ~ d e s  they must b e  placed a t  t he  i n j e c t o r  end, they must 
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p r o t e c t  t h e  p repa ra t ion  zone found i n  t h e  f i r s t  few inches downstream of t h e  

i n j e c t o r ,  they must extend as c l o s e  a s  poss ib l e  t o  t h e  chamber w a l l ,  and the  

c i r cumfe ren t i a l  blade spacing must be smal l  enough t o  prevent  cav i ty  modes 

from e x i s t i n g .  S imi l a r ly ,  a c o u s t i c  l i n e r  o r i f i c e s  a r e  most e f f e c t i v e  near  t h e  

i n j e c t o r  end of t h e  chamber, and l i n e r  absorp t ion  c h a r a c t e r i s t i c s  must be  

designed t o  match t h e  resonance p rope r t i e s  of t h e  chamber and t h e  combustion 

process ,  a s  descr ibed by the  s e n s i t i v e  t i m e  l a g  theory. 

3. Development of t h e  Sens i t i ve  Time Lag Theory 

The h i s t o r i c a l  background of t h e  development of t h e  s e n s i t i v e  

time l a g  theory is  important t o  t h e  understanding of t he  concepts descr ibed i n  

t h e  preceding sec t ion .  The e a r l i e s t  publ ished paper on combustion i n s t a b i l i t y  

theory w a s  t h a t  of Gunder and F r i a n t  (Ref 3) i n  1950, w i th  a subsequent discus- 

s i o n  by Yachter (Ref 4) .  Probably t h e  most important con t r ibu t ion  of t h e s e  

e a r l y  t rea tments  was t h e  i n t r o d u c t i o n  of t h e  concept of a combustion t ime l a g  

(conceived independently,  bu t  n o t  publ ished,  by o the r  groups) between t h e  

i n s t a n t  of i n j e c t i o n  of a p rope l l an t  element and t h e  succeeding i n s t a n t  of 

burning,  i n  which t h e  p rope l l an t  element i s  transformed i n t o  hot  gas capable 

of con t r ibu t ing  t o  t h e  chamber pressure .  

I n t e r e s t  a t  Pr ince ton  Univers i ty  i n  t h e  problem of combustion 

i n s t a b i l i t y  i n  l i q u i d  p rope l l an t  rocke t  motors was given impetus by a Bureau 

of Aoronaurics Symposium he ld  a t  t he  Naval Research Laboratory i n  December, 

1950. This  i n t e r e s t  r e s u l t e d  i n  t h e o r e t i c a l  analyses  by Professors  Summerfield 

and C r ~ c c o .  

Professor  Summerfield's work (Ref 5) considered t h e  e f f e c t s  of 

i n e r t i a  i n  t h e  p rope l l an t  feed  l i n e s  and t h e  capaci tance of t h e  combustion 

chamber, assuming a cons tan t  combustion t i m e  lag.  H i s  a n a l y s i s  t r e a t e d  t h e  

case  of low frequency o s c i l l a t i o n s  f o r  f requencies  up t o  about 200 cps.  
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P ro fe s so r  Crocco advanced t h e  concept of t he  p re s su re  

dependence of t h e  combustion time lag .  H i s  paper (Ref 1 )  presented t h e  

fundamentals r e s u l t i n g  from t h i s  concept. I n  h i s  paper ,  Crocco t r e a t e d  the  

case  of low frequency i n s t a b i l i t y  i n  a  b i p r o p e l l a n t  rocke t ,  and a l s o  t h e  case  

of h igh  frequency i n s t a b i l i t y  with combustion concentrated a t  t he  i n j e c t o r  

end of t h e  combustion chamber. 

The a n a l y t i c a l  work on t h e  high frequency case  was continued 

by S. I. Cheng under t he  d i r e c t i o n  of Professor  Crocco. H i s  s t u d i e s  of t h e  

e f f e c t s  of t h e  a x i a l  d i s t r i b u t i o n  of combustion (on t h e  long i tud ina l  modes) 

were published a s  h i s  Ph.D. t h e s i s .  A thorough d i scuss ion  of t hese  and o t h e r  

a spec t s  of t h e  theory was published by Crocco and Cheng i n  1956 a s  a n  AGARD 

monograph (Ref 6 ) .  The genera l  t heo r i e s  of low and long i tud ina l  h igh  frequency 

i n s t a b i l i t y ,  t h e  e f f e c t s  of t h e  combustion d i s t r i b u t i o n ,  t he  in f luence  of t h e  

exhaust nozzle ,  a s  w e l l  a s  t he  (scarce)  experimental evidence s u b s t a n t i a t i n g  

t h e  analyses  were a l l  d i scussed  a t  length.  A b r i e f  d i scuss ion  of t h e  t rans-  

v e r s e  modes of combustion i n s t a b i l i t y  was included,  and genera l  adherence 

t o  t he  s e n s i t i v e  t ime l a g  model was predic ted .  

The ex tens ion  t o  t he  t r ansve r se  modes was i n i t i a t e d  by 

S. M. Scala  (Ref 7 ) .  Following Crocco's p re s su re  dependence model, he  determined 

t h e  fundamental behavior of the  t r ansve r se  modes, inc luding  t h e  in f luence  of 

t he  nozzle.  I n  add i t i on ,  Sca la  t r e a t e d  the  case  of in te rmedia te  frequency 

i n s t a b i l i t y ,  i n  which t h e  coupling mechanism c o n s i s t s  of entropy pe r tu rba t ions ,  

generated by off-design mixture r a t i o  combustion, which r e f l e c t  from the  nozzle  

a s  p re s su re  waves and propagate back t o  t h e  i n j e c t o r  t o  cause per turba t ions  i n  

t he  i n j e c t i o n  r a t e s .  
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The study of t r ansve r se  i n s t a b i l i t y  w a s  continued by 

F. H. Reardon (Ref 8), who developed s e v e r a l  extensions t o  t h e  b a s i c  theory 

t o  exp la in  c e r t a i n  experimental  r e s u l t s  (which a r e  discussed i n  t h e  fol lowing 

sec t ion ) .  The s e n s i t i v e  t ime l a g  concept was extended t o  inc lude  s e n s i t i v i t y  

t o  t h e  t r ansve r se  components of t h e  o s c i l l a t i n g  gas ve loc i ty .  The e f f e c t  on 

t h e  combustion r a t e  w a s  v i s u a l i z e d  i n  t h e  o s c i l l a t o r y  displacement of t h e  

vapors of one p rope l l an t  wi th  r e spec t  t o  t h e  l i q u i d  d r o p l e t s  of t h e  o ther .  

In  add i t i on ,  Reardon introduced a n  approximate t rea tment  of t h e  e f f e c t s  of 

nonuniform d i s t r i b u t i o n  of p rope l l an t  i n j e c t i o n  on t h e  t r ansve r se  modes, and 

appl ied  t h e  modified theory t o  a sector-shaped combustor, which s imula tes  t h e  
1 I pocket-mode" behavior  of a b a f f l e d  chamber. 
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I, B ,  Technical Descr ip t ion  (cont . ) 

a. General  Approach 

The s i m p l i f y i n g  assumptions  on which t h e  mathemat ical  

t r e a t m e n t  o f  combustion i n s t a b i l i t y  i s  based a r e  t h e  fo l lowing :  

(1)  The s u b s t a n c e  con ta ined  i n  t h e  combustion chamber 

i s  e i t h e r  i n  t h e  form of l i q u i d  p r o p e l l a n t s ,  o f  p r a c t i c a l l y  z e r o  volume, o r  

i n  t h e  form of  complete combustion gases .  It w i l l  b e  n o t i c e d  t h a t  t h i s  assump- 

t i o n  d i s r e g a r d s  t h e  c o n t r i b u t i o n  of t h e  p r o p e l l a n t s  i n  vapor  form, and of t h e  

i n t e r m e d i a t e  p roduc t s  o f  combustion. Hence t h e  assumption i s  e q u i v a l e n t  t o  

s a y i n g  t h a t  n o t  on ly  t h e  l i q u i d s ,  b u t  a l s o  t h e  vapors and t h e  i n t e r m e d i a t e s  

occupy a n e g l i g i b l e  volume compared t o  t h e  f i n a l  p roduc t s  o f  combustion. T h i s  

assumption ( f i r s t  used by Crocco i n  Ref. 1 )  i s  a c t u a l l y  i n  agreement w i t h  t h e  

s t e p - f u n c t i o n  combustion model d i s c u s s e d  i n  S e c t i o n  I. Even more i m p o r t a n t ,  

i t  r e p r e s e n t s  q u i t e  w e l l  t h e  a c t u a l  c o n d i t i o n s  i n  r o c k e t s  where indeed ,  w i t h  

t h e  e x c e p t i o n  o f  t h e  r e g i o n  immediately a d j a c e n t  t o  t h e  i n j e c t o r ,  p r a c t i c a l l y  

t h e  same gas t empera tu re  is  observed throughout  t h e  chamber. Of c o u r s e ,  i t  

i s  c l e a r  t h a t  t h e  above i s  t r u e  when u s i n g  l i q u i d  p r o p e l l a n t s ,  and n o t  f o r  t h e  

combustion of gaseous p r o p e l l a n t s .  The d i f f e r e n c e  is t h a t  w h i l e  i n  t h e  l a t t e r  

c a s e  t h e r e  i s  a c o n s t a n t  mass f l u x  w i t h  energy a d d i t i o n ,  i n  t h e  c a s e  of l i q u i d  

p r o p e l l a n t s  t h e  gas  f low h a s  a v a r i a b l e  mass flux w i t h  energy a d d i t i o n  be ing  

produced through an  a d d i t i o n  of mass t o  t h e  gaseous flow. 

(2)  The combustion g a s e s  a r e  o f  c o n s t a n t  composi t ion,  

t h e y  obey t h e  p e r f e c t  gas  law and have c o n s t a n t  s p e c i f i c  h e a t s .  

(3 )  F r i c t i o n a l  effects on &he walls are neg l ec t ed ,  and 

only t h o s e  are taken  i n t o  account which r e s u l t  i n  t h e  l i q u i d  d r o p l e t  d r a g .  
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I, B, Technical Description (cant.) 

Also, Reynolds s t r e s s e s  a s soc i a t ed  wi th  t h e  high turbulence l e v e l  caused by 

combustion a r e  neglec ted ,  i n  s p i t e  of t h e  f a c t  t h a t  they may p lay  an important  

r o l e  wi th  r e s p e c t  t o  t h e  uniformity assumption (Assumption 5). 

( 4 )  The flow of i n j e c t e d  p r o p e l l a n t s  is  unaffected by 

o s c i l l a t i o n s  i n  t he  chamber, and hence the  i n j e c t i o n  f l u x  and v e l o c i t y  a r e  

always t h e  same as i n  s teady  condi t ions .  This assumption is n o t  n e c e s s a r i l y  

v e r i f i e d  i n  a c t u a l  rocke ts  where, e s p e c i a l l y  f o r  l a r g e  rockets ,  t h e  p o s s i b i l i t y  

of matching t h e  wave propagat ion t imes i n  t he  feed  l i n e s  and i n  t he  chamber 

may l ead  t o  i n t e r a c t i o n s .  However, t h e  assumption is  r a t h e r  good i f  matching 

i s  avoided, and s u b s t a n t i a l l y  s i m p l i f i e s  t h e  t reatment  by making t h e  chamber 

behavior independent of the feed  system v a r i e t i e s  and complexities.  The 

r e s u l t i n g  ;ins tab ili t y  problem has  been termed " i n t r i n s i c  i n s t a b i l i t y "  of  t he  

combustion chamber. 

(5) The s t eady- s t a t e  gas flow i s  uniform across  any 

chamber s ec t ion .  This  is  poss ib l e  p a r t l y  because t h e  previous assumption 

allows t h e  boundary l a y e r  formation on t h e  wa l l s  t o  b e  disregarded.  However, 

i t  involves  more. For i n s t ance ,  i t  would r equ i r e  t h e  i n j e c t e d  p rope l l an t s  t o  

b e  uniformly d i s t r i b u t e d  s o  a s  t o  produce no r e c i r c u l a t i o n .  Of course,  t h i s  

is no t  t h e  a c t u a l  s i t u a t i o n ,  and t h e  uniform flow considered i n  t he  theory 

should b e  i n t e r p r e t e d  a s  an  average flow from which t h e  a c t u a l  flow can depar t  

s u b s t a n t i a l l y  i f  t h e  i n j e c t i o n  i s  f a r  from being uniform, For l a r g e  rockets  

t h e  i n j e c t i o n  systems a r e  gene ra l ly  r a t h e r  uniform, and hence the  uniformity 

assumption can be  q u i t e  accura te .  However, it w i l l  be  seen  i n  t h e  fol lowing 

t h a t  t r ansve r se  s t a b i l i t y  condi t ions  can be  improved by using p a r t i c u l a r  non- 

uniform i n j e c t i o n  systems. I t  is f e l t  t h a t  t h e  con t r ad ic t ion  t h a t  r e s u l t s  i n  

these  cases  is no t  very important  f o r  no t  too l a r g e  flow Mach numbers because 

of the  s t rong ly  equal iz ing  e f f e c t s  of  t h e  high turbulence due t o  combustion. 
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(6) I n  s t eady- s t a t e ,  t h e  t o t a l  energy ( iwrerna l  and 

k i n e t i c )  of t h e  d r o p l e t s  remains constant .  Obviously t h i s  i s  not  exac t ly  t r u e ,  

because of t h e  h e a t  exchanges a f f e c t i n g  t h e  i n t e r n a l  energy and t h e  d r o p l e t  

drag a f f e c t i n g  t h e  k i n e t i c  energy i n  ways t h a t  a r e  n o t  so  simply r e l a t e d .  The 

assumption h a s ,  however, t he  advantage of providing a s u b s t a n t i a l  s imp l i f i ca -  

t i o n  of the  t rea tment ,  and i t  is bel ieved not t o  h i d e  any of the fundamental 

e f f e c t s  . 
(7) The s t eady- s t a t e  flow i n  t h e  nozzle  i s  one-dimensional. 

Although n o t  t r u e ,  t h i s  assumption is  known t o  r e s u l t  i n  very accu ra t e  predic-  

t i o n s  concerning the  s teady  flow i t s e l f .  Here, however, t h e  same assumption 

i s  extended t o  t h e  t reatment  of t h e  o s c i l l a t o r y  nozz le  flow obtained when t h e  

s teady flow i s  per turbed ,  It should be observed t h a t  t h i s  assumption is con- 

s i s t e n t  wi th  t h a t  of uniform s teady  flow i n  t h e  chamber (Assumption 5 ) .  

(8) The unsteady, o s c i l l a t o r y  q u a n t i t i e s  i n  t h e  chamber 

and i n  t h e  nozz le  can be  obtained by superposing smal l  per turba t ions  t o  t h e  
1 I s t e ady- s t a t e  q u a n t i t i e s .  By small" i s  meant a s  u sua l ,  t h a t  only " l i nea r "  

( f i r s t  order)  terms i n  t he  pe r tu rba t ions  a r e  t o  be r e t a i n e d ,  while  terms 

conta in ing  products  o r  powers of pe r tu rba t ions  (second and h igher  order )  a r e  

t o  b e  neglected.  The g r e a t  advantage of t h i s  assumption is  of  a mathematical 

na tu re ,  s i n c e  t h e  r e s u l t i n g  equat ions ,  being l i n e a r ,  can be  t r e a t e d  i n  a much 

s impler  way. One of t he  s imp l i ca t ions  is t h a t  a harmonic time dependence can 

be  chosen, a s  discussed under Assumption LO. But, of course,  t h e  disadvantage 

is t h a t  only the l i n e a r  e f f e c t s  can b e  accounted f o r ,  a l l  t h e  nonl inear  e f f e c t s  

being l e f t  ou t .  Under t h e  smal l  pe r tu rba t ion  assumption only the  " l i nea r "  

s t a b i l i t y  problem can be a t tacked .  

(9) The gas flow Mach number i s  always s u f f i c i e n t l y  smal l  

so t h a t  the square can be  neglected compared t o  unity, Because of t h i s  =sump- 

&ion ,  the  a n a l y s i s  cannot b e  applied to t h r u s t  c h b e r s  i n  which the  && 
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I, B ,  Technical Descript ion (conk.)  

r e f e r e n c e  l e n g t h ,  which i s  t h e  chamber r a d i u s  f o r  t r a n s v e r s e  modes. (The chamber 

l e n g t h  is g e n e r a l l y  used f o r  l o n g i t u d i n a l  modes). The governing e q u a t i o n s  t a k e  

t h e  fo l lowing  forms: 

Conservat ion of mass, 

Conservat ion of momentum, 

Conservat ion of energy,  

ahs Y - 1  * + pq " V h  - -  Pat + s a t  = Q (hLs - hs) 

Equat ion of s t a t e  f o r  t h e  g a s ,  

Drop le t  d r a g  ( g a s l l i q u i d  momentum i n t e r c h a n g e )  u s i n g  Stokes  l a w ,  

And d r o p l e t  energy ,  
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I, B ,  Technical Description ( c o n t , )  

The symbols used i n  t hese  equat ions a r e  def ined  i n  

Sect ion I . D .  

It i s  necessary t o  express  t h e  governing equat ions ,  

(1) t o  ( 6 ) ,  i n  s teady  s t a t e  form and perturbed form. The sepa ra t ion  i s  

accomplished by w r i t i n g  a l l  t h e  dependent v a r i a b l e s ,  a s  t h e  sum of a  s teady  

s t a t e  s o l u t i o n  and an unsteady so lu t ion .  For example, 

It i s  noted t h a t  t h e  perturbed po r t ion  of each 

parameter is  hqmronic wi th  r e spec t  t o  time. 

(2) Steady S t a t e  Equations 

The s teady s t a t e  s o l u t i o n  is assumed t o  be one 

dimensional although t h e  pe r tu rba t ions  a r e  considered i n  t h r e e  dimensions. 

T h e r e f ~ r e ,  the  s teady  state v e c t o r i a l  components of gas v e l o c i t y ,  q and l i q u i d  

v e l o c i t y ,  q are given by the  following r e l a t ionsh ips :  
L 

where u, uL a r e  t h e  a x i a l  components, v ,  v  a r e  t h e  r a d i a l  components, and L 
w ,  wL a r e  t h e  t angen t i a l  components of q . 

+' 3.J 
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I, R ,  Technical Description (cant.) 

S u b s t i t u t i n g  t h e  r e l a t i o n s h i p s  g i v e n  by (7)  and (8) i n t o  (1) t o  (6) and 

n e g l e c t i n g  t h e  t i m e  dependence y i e l d s  t h e  fo l lowing  system of s t e a d y  s ta te  

e q u a t i o n s  : 

Conserva t ion  of mass 

Conservat ion of momentum 

Conservat ion of energy 

Equat ion of s t a t e  (gas)  

Drop le t  d r a g  

Drop le t  energy 
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I, B ,  Technical Description ( c sn t . )  

- - 
It should be noted t h a t  a t  Z = 0, u = 0 and p = p = 1 

because of the nondimensionalizing scheme. A t  Z = L C ,  combustion i s  assumed t o  

be complete so  t h a t  pL = 0 and Q = 0. 

(3)  The Pe r tu rba t ion  Equations: Wave Equations 

The perturbed equat ions a r e  considered i n  t h r e e  

dimensional form i n  c y l i n d r i c a l  coord ina tes  and t h e  r e s u l t i n g  system of 

equat ions i s  l i n e a r i z e d .  That i s ,  t h e  perturbed q u a n t i t i e s  a r e  considered t o  

be  sma l l ,  and the re fo re ,  a l l  products of two o r  more perturbed terms a r e  

considered to  b e  zero. S u b s t i t u t i n g  equat ions (7)  and (8) i n t o  equat ions (1) 

t o  ( 6 )  y i e l d s  t h e  fol lowing system of equat ions.  

1 aw' au' - + - -  
r ae + ,) = Q (Pp' + Rv' + Tw') 

where 

Ie P 9, and T = lg 1 - e )  = - 
n 

Conservation of a x i a l  momentum 

"Equation 10 is an intermediate step deleted during revision, 
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I, B ,  Technical Descr ip t ion  (cont . )  

Conservation of r a d i a l  momentum 

- - av - ---. av; lap' 
+ p u - + p L t ~ = - -  az 

Y ar 

Conservation of t a n g e n t i a l  momentum 

Conservation of energy and equat ion of s t a t e ,  combined 

Droplet dynamics 

K 
def in ing  K = - 

K+O 

and 

then 
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I ,  3.3, Technical Description (cont . )  

( l l i )  

I n  gene ra l ,  s epa ra t ion  of v a r i a b l e s  is not  p o s s i b l e  

wi th  these  equat ions.  A s o l u t i o n  can be obtained by w r i t i n g  each q u a n t i t y  i n  

a  s e r i e s  such t h a t  each success ive  term i n  t h e  s e r i e s  i s  less than  i t s  prede- 

cessor .  Therefore,  t he  pressure  pe r tu rba t ion  is w r i t t e n  i n  t h e  form 

where p, can assume any magnitude w i t h i n  t h e  r e s t r i c t i o n s  of t h e  ana lys i s .  

e s s e n t i a l l y  t he  chamber Mach number. Applying t h i s  approach t o  equat ions ( l l a )  

through ( l l i , ) ,  c o l l e c t i n g  terms of l i k e  o rde r ,  and so lv ing  f o r  t h e  p re s su re  

r e s u l t s  i n  wave equat ions f o r  po and pl: 

- * This n o t a t i o n  i s  used t o  i n d i c a t e  the  o rde r  of magnitude of a  given parameter. 
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I, B ,  Technical Desc r ip t i on  (cont .)  

For a  c y l i n d r i c a l  chamber t h e  s o l u t i o n s  of (13a) and (13b) a r e  given by 

p, ( z ,  r, O)=POO C O S ~  (52 Z)$ ( r )  0  (0) (15a) * 

where 

fcos v 8 STANDING MODE 
0 (0) 

SPINNING MODE 

and J r ep resen t s  t he  Bessel func t ion  of t h e  f i r s t  kind of o rde r  v (see Table I )  v 

Also, 

where 

t h e  f a c t o r s  A 
vri %r, 

and C a r e  discussed i n  Sec t ion  B.4.b.(5). 
vrl 

termediate  s t e p  de le ted  during rev is ion .  
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I, B ,  TeeLLnieal Description ( s sn t , )  

+ 2 (s) s i n h  in  ( z - 0 1  d< 
0 

f= L + 5% 1 - - ( i )  s i n h  [R (Z-l)] d<) 
Ic* 0 p 

These solut ions  depend on the following boundary 

conditions : 

To complete the  analys is ,  the  combustion terms must 

be considered i n  d e t a i l ,  and the  boundary condit ion a t  the  nozzle entrance 

(viz.  , t h e  nozzle admittance condition) must be speci f ied .  

For an annular chamber the  modification t o  the  

cy l indr ica l  chamber analys is  imposed by t h e  annular geometry enters  through 

the  so lu t ion  f o r  I/J ( r ) .  The d i f f e r e n t i a l  equation f o r  I/J ( r )  is  the  c l a s s i c  

Bessel equation which r e s u l t s  i n  the  following general so lut ion:  

*vv 
( r )  = CIJv  (sVv r) + C2Yv(~vll r, 

where J i s  the  Bessel function of the  f i r s t  kind, Y is  t h e  Bessel function 
v v 

of the  second kind,  and s (where v s p e c i f i e s  the  order of the  Bessel equation) 
Vrl 

i s  the  transverse acoust ic  mode nurnber. Speci f ica l ly ,  t h i s  means that  a t  a l l  

chamber wal ls  
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I, B ,  Technical  Description (csnt . )  

Applying t h i s  condi t ion  t o  (16) y i e l d s  

a t  t he  ou te r  w a l l ,  r = 1, equat ion (17) reduces t o  
C 

For t h e  c y l i n d r i c a l  chamber case,  equat ion (18) reduces t o  

s i n c e  B must be zero because Y becomes i n f i n i t e  a t  r = 0. The s o l u t i o n  of 
v 

equat ion (19) s e rves  t o  d e f i n e  t h e  t r ansve r se  a c o u s t i c  mode number, s v n , f o r  

c y l i n d r i c a l  combustion chambers. 

The annular  chamber has i t s  inne r  w a l l  l oca t ed  i n  

t h e  range O < r . < l .  Therefore,  f o r  t h e  i n n e r  w a l l ,  equat ion (17) i s  wr i t t en :  
1 

whereas a t  t h e  o u t e r  w a l l ,  r = 1 and equat ion (18) is s t i l l  appl icable .  

Solu t ion  of (18) and (20) simuLtaneously y i e l d s  
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The s o l u t i o n  of equat ion (21) de f ines  t h e  t r ansve r se  acous t i c  mode number, s 
vn 

f o r  annular  chambers. For tuna te ly ,  equat ion (21) has been solved i n  

Reference (9) and t h e  va lues  of s a r e  l i s t e d  a s  a  func t ion  of R9where R = 
vn 

r . / ro ,on  Table 11. 
1 

Thus t h e  use  of an annular  chamber w i l l  a l t e r  t h e  

frequencies  of  t h e  t r ansve r se  modes. The ex ten t  of t h e  a l t e r a t i o n  is  i l l u s t r a t e d  

i n  Figure 9.  In add i t i on ,  r a d i a l  i n j e c t i o n  d i s t r i b u t i o n  e f f e c t s  w i l l  b e  

minimized by t h e  use  of t h e  annular  chamber s o  t h a t  i n  most cases  t h e  d i s t r i -  

bu t ion  c o e f f i c i e n t s  A 
"TI9 BvTI, 

and C can be  assumed t o  b e  uni ty .  
vn 
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TABLE I1 

BESSEL F'UNCTION VALUE (svq)  FOR TANGENTIAL MODES I N  ANNULAR CHAMBERS 
ann 

Annular 
Chamber Geometry T a n g e n t i a l  Modes 

(Radius) I n n e r  
(Radius) Outer  

0.910 (svq) = 1.04802 2.09602 3.14401 4.19197 5.23989 6.28778 
ann 

0.833 1.092 2.1846 3.27672 4.368 5.4588 6.5496 

(sv,) annular- 
NOTE : 1. F i g u r e  9 g i v e s  t h e  f requency r a t i o  v i z .  

f o r  d i f f e r e n t  chamber geometr ies .  (svq) c y l i n d r i c a l  

2 .  C a l c u l a t i o n  o f  a n n u l a r  chamber t a n g e n t i a l  f r e q u e n c i e s  

c; (sv,) 
annular f *  =:-- 

k f e r e n c e :  Bridge and h g r i s t ,  "Math, of GQmpratation, 46 ,  98,'"pril 1962,  
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WALL D l AMETER RAT1 0 (INNERIOUTER) 

F i g u r e  9 -- T a n g e n t i a l  Mode A c o u s t i c  F requenc ies  f o r  Annular  Chambers 
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( 4 )  Combustion Response 

(a) General Formulation 

I n  Equation l l a  combustion terms a r e  w r i t t e n .  

It is necessary now t o  provide a mathematical formulat ion f o r  the  combustion 

terms i n  t h e  flow equat ions i n  terms of t he  chamber condi t ions .  A s  discussed 

previous ly  our q u a n t i t a t i v e  understanding of t he  a c t u a l  combustion processes  

i s  no t  s u f f i c i e n t  t o  provide a  mathematical model. For tuna te ly  t h e  h e u r i s t i c  

formulat ion based on the  s e n s i t i v e  time l a g  concept seems t o  provide a  good 

r ep resen ta t ion  of the  a c t u a l  combustion response. The r e l a t i o n  between time 

l a g  and burning r a t e  is  immediately found by considering t h a t  t h e  f r a c t i o n  

of p rope l l an t  burning a t  a c e r t a i n  s t a t i o n  i n  a time i n t e r v a l  d t  must have 

been i n j e c t e d  during the  i n t e r v a l  d ( t  - r T ) .  I f ,  then % and 6. a r e  t he  
1 

corresponding burning and i n j e c t i o n  r a t e s  we must have 

I g d t  = I ~ I  d ( t  - rT) i 

I n  s t eady- s t a t e  T does not  vary wi th  time, and hence, i f  t he  i n j e c t i o n  
T 

r a t e  is unaf fec ted  by the  o s c i l l a t i o n s  

From these  two r e l a t i o n s  we ob ta in  t h e  f r a c t i o n a l  pe r tu rba t ion  of the  

burning r a t e  i n  the  form 
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where, i n  accordance wi th  t h e  d e f i n i t i o n  of s e n s i t i v e  time l a g ,  t h e  v a r i a t i o n  

of T w i th  time is e n t i r e l y  due t o  t h e  v a r i a t i o n  of T ,  and where -r has 
T 

been assumed t o  be  t h e  same f o r  a l l  p rope l l an t  elements,  and hence independent 

of t he  space coordinates .  

Turning t o  t h e  eva lua t ion  of d-rldt,  a 

s a t i s f a c t o r y  mathematical desc r ip t ion  i s  obtained i f  one imagines t h a t  during 

t h e  s e n s i t i v e  time l a g  c e r t a i n  prepara tory  processes ,  which need no t  b e  more 

p r e c i s e l y  defined,  t ake  p l ace  a t  a rate depending on t h e  l o c a l ,  ins tan taneous  

va lues  of q u a n t i t i e s  represent ing  the  s t a t e  and the  motion of t h e  gas and 

d rop le t s .  When these  prepara tory  processes ,  i n t e g r a t e d  over t h e  du ra t ion  of 

t he  s e n s i t i v e  t i m e  l a g ,  reach a c e r t a i n  f i x e d  l e v e l ,  t h e  conversion i n t o  ho t  

gases  t akes  p l ace  abrupt ly .  It is c l e a r ,  then,  t h a t  when t h e  s t a t e  and t h e  

motion cand i t i ans  vary,  a l s o  t h e  du ra t ion  of t h e  s e n s i t i v e  (and hence, t h e  

t o t a l )  time l a g  w i l l  vary,  r e s u l t i n g  i n  a v a r i a b l e  r a t e  of gas product ion.  

The q u a n t i t a t i v e  formulat ion fol lows a t  once. 

I f  t h e  rate of t h e  prepara tory  processes  i s  given by a func t ion  f (p, T ,  v ,  ....) 
of t he  p e r t i n e n t  va lues  of t h e  pressure ,  temperature,  any r e p r e s e n t a t i v e  

v e l o c i t y  v ( f o r  i n s t ance  t h e  r a d i a l  gas  v e l o c i t y )  and poss ib ly  o t h e r  q u a n t i t i e s  

represent ing  t h e  condit ions i n  t h e  chamber, t h e  s e n s i t i v e  time l a g  -r f o r  

an element burning a t  t i m e  t w i l l  b e  given by t h e  equat ion 

where t r ep resen t s  t h e  burning t i m e .  Here t h e  va lues  of p ,  T, v ,  .... 1 
must be  evaluated not  only a t  time tl, b u t  a l s o  at the  p o s i t i o n  where the  

p a r t i c u l a r  p rope l l an t  element f i n d s  i t s e l f  a t  t h a t  time. Since the  above 

r e l a t i o n  must be s a t i s f i e d  a l s o  i n  s teady  opera t ion ,  i n d i c a t i n g  t h e  steady- 

s t a t e  q u a n t i t i e s  wi th  a  superimposed b a r  we must have 
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- - -  I f  (p,  T, v ,  ....) d t l  = I - f ( p ,  T, v, - - . . ) d t l  . (23) 
t - T  t - T  

Now we in t roduce  the  pe r tu rba t ions ,  such t h a t  

- - - 
p = p + p ' ,  T  = T -i- T ' ,  v  = v + v' .... 

and expand t h e  r a t e  func t ion  i n  a Taylor s e r i e s  

- - - - 
where 7 = f ( p ,  T, v ,  . .. .) and s i m i l a r l y  f o r  t h e  p a r t i a l  d e r i v a t i v e s  f  
- - P 
f T ,  f of f with r e spec t  t o  the  subsc r ip t s .  Observe t h a t ,  under t h e  smal l  

v 
pe r tu rba t ions  assumption, t h e  Taylor s e r i e s  must be  stopped a f t e r  t h e  f i r s t  

o rde r  terms. 

I f  i t  i s  assumed t h a t  t h e  temperature is a 

func t ion  only of t h e  pressure  ( f o r  i n s t ance ,  through t h e  i s e n t r o p i c  de f in ing  

r e l a t i o n )  T' = p' ( d ~ l d p )  . Then, de f in ing  t h e  nondimensional i n t e r a c t i o n  

ind ices  n ,  1, . . . . a s  

- 
f ( p ,  T ,  v, ....) = f  ( 1  + n p' + l v '  + .... ) 

and Equation (23 )  can be w r i t t e n  i n  t h e  form 
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Here t h e  i n t e g r a t i o n  i n t e r v a l  a t  t h e  L.H.S. of Equation (23) has been s p l i t  - 
i n t o  two p a r t s .  The f i r s t  i n t e r v a l ,  from t - T t o  t - T is  of du ra t ion  
- 
T - T and hence of t h e  o rde r  of t h e  pe r tu rba t ion  of t h e  time lag .  Hence, 

compared wi th  t h e  o the r  two i n t e g r a l s ,  t h e  f i r s t  i n t e g r a l  is  of t h e  o rde r  

of a pe r tu rba t ion .  A s  a  r e s u l t  i n  i t s  eva lua t ion  one can d is regard  i n  t h e  

in tegrand  t h e  terms conta in ing  t h e  pe r tu rba t ions  which, i n  view of t he  s m a l l  

p e r tu rba t ion  assumption, would r e s u l t  i n  a n e g l i g i b l e  second order  con t r i -  

but ion.  Then, s imp l i fy ing ,  t he  above equat ion  becomes 

t - 
1' i d t l  = / - f  (np '  + 1v1  + . . . . ) d t l  
t - T  t - T  

I n  t h e  combustion zone p is. approximately cons tan t ,  and i f  v  is  t h e  r a d i a l  
- - -  

gas v e l o c i t y ,  so  t h a t  = 0 then f  (p ,  v)  is  a cons t an t ,  and s o  a r e  n and 1. 

Then we ob ta in  simply 

o r ,  d i f f e r e n t i a t i n g  wi th  r e spec t  t o  t 
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Again, i t  must be s p e c i f i e d  t h a t  whi le  p l ( t )  i s  evaluated a t  t h e  conversion 
- 

i n s t a n t  t a t  t h e  l o c a t i o n  where t h e  conversion takes  p l ace ,  p ' ( t  - T)  must 
- 

be  evaluated not  only a t  t ime t - T ,  bu t  a l s o  a t  t h e  l o c a t i o n  where t h e  

p rope l l an t  was a t  t h a t  time. However, t h e  displacement of t h e  p rope l l an t  

dur ing  t h e  time produces an e f f e c t  of second order  i n  t h e  express ion  (25). 
- 

A s  a reasonable approximation, t he re fo re ,  both p l ( t )  and p l ( t  - T) can be  

evaluated a t  t h e  s t a t i o n  when the  conversion i n t o  burned gases  t akes  p lace .  

And, of course,  t he  same app l i e s  t o  t h e  v e l o c i t y  e f f e c t  i n  Equation (25) ,  

and t o  o t h e r  poss ib l e  e f f e c t s .  

In Equation (25) only t h e  p re s su re  s e n s i t i v i t y  

and the  r a d i a l  v e l o c i t y  s e n s i t i v i t y  a r e  e x p l i c i t l y  considered. Concerning 

t h e  l a s t  i t  must be added t h a t  o t h e r  components of t h e  gas v e l o c i t y  can be 

t r e a t e d  i n  exac t ly  t h e  same fash ion .  I f  one i s  i n t e r e s t e d ,  f o r  i n s t ance ,  

i n  t h e  e f f e c t  of t he  t r ansve r se  non-uniformity of t h e  gas composition, 

then  a l s o  the  t a n g e n t i a l  v e l o c i t y  component i s  r e l e v a n t ,  and correspondingly 

another  v e l o c i t y  s e n s i t i v e  term must appear i n  Equation (25) ,  which becomes, 

i n  t h e  absence of o the r  i n t e r a c t i o n s  

It must be observed t h a t ,  a c t u a l l y ,  when only t h e  

e f f e c t s  of the  nonuniform gas  composition on the burning r a t e  a r e  sought ,  

what counts i s  t h e  displacement of the  gases with respec t  t o  t he  d r o p l e t s ,  
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ra ther  than the  r e l a t i v e  v e l o c i t y .  mis can b e  formalized by w r i t i n g ,  

f o r  i n s t ance ,  i ne t ead  of (261, 

where mr and me a r e  two displacement i nd ices  r e l a t i v e  t o  t h e  r a d i a l  and 

t a n g e n t i a l  displacements 6r, 6, r e spec t ive ly .  The two formulat ions (26) 

and (27) a r e  c l o s e l y  c o r r e l a t e d ,  because of t h e  r e l a t i o n s  e x i s t i n g  between 

v e l o c i t i e s  and displacements,  

I f  t h e  t i m e  dependence of t h e  pe r tu rba t ions  i n  

Equations ( 2 6 )  and (27) is  taken t o  be  exp ( s t ) ,  t h e  combined e f f e c t  i s :  

dr  - - = - ( P p '  + R v '  + T w') o r  - (Pp' + R6 6 '  + T6 S t B )  
d t  v v r 

where t h e  q u a n t i t i e s  def ined  by 

5 - 
P R - = - =  7 = - =  -0-r: 

n 1 1 -e , (o = A + iw) 
e m m 

r r 8 

a r e ,  i n  view of (22) ,  t o  be i n t e r p r e t e d  as feedback f a c t o r s .  I n  t h i s  case  

t h e  r e l a t i o n  between v e l o c i t i e s  and displacements i s  simply v '  = G S ' ~ ,  

dT f o r  v e l o c i t y  w '  = u6' s o  t h a t  t h e  same express ion  can be  used f o r  - e 
o r  displacement e f f e c t s  i f  R6 is  equiva len t  t o  O R  and Tg i s  equiva len t  t o  

aT. 

(b) Veloc i ty  Sens i t i ve  Combustion 

It is  d e s i r a b l e  t o  t ake  a c l o s e r  look at 

t he  dynamic a spec t s  of v e l o c i t y  s e n s i t i v e  combustion. The most s i g n i f i c a n t  
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v e l o c i t y  e f f e c t s  a r e  those  r e s u l t i n g  from t h e  r a d i a l  and t a n g e n t i a l  components 

of t h e  g a s  v e l o c i t y  p e r t u r b a t i o n .  I n  t h e  c a s e  of p u r e l y  t r a n s v e r s e  modes, 

t h e  l o n g i t u d i n a l  v e l o c i t y  p e r t u r b a t i o n  component i s  always much smaller t h a n  

t h e  t r a n s v e r s e  components. I n  a d d i t i o n ,  t h e  l o n g i t u d i n a l  component v a n i s h e s  

a t  t h e  i n j e c t o r  f a c e  and h a s  i t s  smallest magnitude i n  t h e  e a r l y  combustion 

zone,  t h e  r e g i o n  which appears  t o  have t h e  g r e a t e s t  s i g n i f i c a n c e  f o r  t r a n s -  

v e r s e  modes. It is p o s s i b l e  t h a t  i n  c e r t a i n  combustion chambers t h e  a x i a l  

s p r e a d i n g  of t h e  combustion w i l l  r e s u l t  i n  s i z a b l e  l o n g i t u d i n a l  v e l o c i t y  

o s c i l l a t i o n s  f o r  h i g h e r  o r d e r  l o n g i t u d i n a l  o r  combined t r a n s v e r s e - l o n g i t u d i n a l  

modes. However, i n  such c a s e s  t h e  p r e s s u r e  p e r t u r b a t i o n  w i l l  become 

cor responding ly  small i n  t h a t  r e g i o n ,  t h u s ,  t h e  de'creased p r e s s u r e  e f f e c t  

w i l l  c a n c e l  t h e  i n c r e a s e d  v e l o c i t y  e f f e c t .  I n  t h e  p r e s e n t  a n a l y s i s ,  t h e r e f o r e ,  

on ly  t h e  e f f e c t s  of t h e  t r a n s v e r s e  v e l o c i t y  o s c i l l a t i o n s  w i l l  b e  c o n s i d e r e d  

i n  t h e  combustion response .  

Of t h e  v a r i o u s  i n t e r m e d i a t e  p r o c e s s e s  o c c u r r i n g  

d u r i n g  t h e  combustion of l i q u i d  b i p r o p e l l a n t s ,  t h o s e  most s e n s i t i v e  t o  v e l o c i t y  

a r e  t h e  v a p o r i z a t i o n  of t h e  l i q u i d  d r o p l e t s  and t h e  mixing of t h e  v a p o r i z e d  

p r o p e l l a n t s  t h a t  must p recede  chemical  r e a c t i o n .  The t h e o r e t i c a l  s t u d y  of 

unsteady v a p o r i z a t i o n  by Wieber and Mickelsen (Ref. 10)  i n d i c a t e s  t h a t  t h e  

e v a p o r a t i o n  r a t e  is  dependent on t h e  a b s o l u t e  magnitude of t h e  relative 

v e l o c i t y  between d r o p l e t  and gas;  t h e r e f o r e ,  t h e  v a p o r i z a t i o n  v e l o c i t y  e f f e c t  

i s  s e e n  t o  b e  e s s e n t i a l l y  n o n l i n e a r ,  and cannot  b e  t r e a t e d  w i t h i n  t h e  frame- 

work of a  l i n e a r i z e d  theory .  On t h e  o t h e r  hand, t h e  mixing of t h e  p r o p e l l a n t s  

by t h e  o s c i l l a t i n g  v e l o c i t i e s  may b e  l i n e a r i z e d ,  and g i v e s  rise t o  impor tan t  

m o d i f i c a t i o n s  of t h e  s t a b i l i t y  b e h a v i o r  of a  combustor. Although no d e t a i l e d  

d e s c r i p t i o n  of such a  complex phenomenon is  now p o s s i b l e ,  t h e  fo l lowing  

d i s c u s s i o n  i l l u s t r a t e s  one p r o c e s s  by which t h e  burn ing  r a t e  may b e  caused 

t o  o s c i l l a t e  by an o s c i l l a t i n g  t r a n s v e r s e  gas  v e l o c i t y .  
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Consider f i r s t  t h e  mixture of gaseous combustion 

products ,  vaporized p rope l l an t s  (ox id i ze r  and f u e l ) ,  and l i q u i d  p rope l l an t  

d r o p l e t s  a t  some a x i a l  s t a t i o n  downstream from a  fuel-on-oxidizer impinging 

doublet  i n j e c t o r  element. Since l i q u i d  mixlng i s  imperfect ,  some s t r a t i f i c a -  

t i o n  w i l l  e x i s t  i n  t he  mixture.  For concreteness ,  assume t h a t  t h e  l i n e  of 

cen te r s  of t h e  doublet  i s  al igned t a n g e n t i a l l y  ( i . e . ,  normal t o  a r a d i u s ) .  

Then t h e  s t r a t i f i c a t i o n  i s  almost e n t i r e l y  i n  t h e  t a n g e n t i a l  d i r e c t i o n ,  a s  

shown schemat ica l ly  i n  Figure 10 by t h e  l i n e s  of constant  mass f r a c t i o n  of 

vaporized ox id i ze r  i n  t he  mixture Yx. The exac t  shape of t he  cons tan t  Y 
X 

contours w i l l  be  dependent on the  i n j e c t o r  des ign ,  opera t ing  condi t ions ,  

and p rope l l an t  c h a r a c t e r i s t i c s .  Because of t h e  turbulence i n  the  combustion 

chamber, t h e  s t r a t i f i c a t i o n  p a t t e r n  shown rep resen t s  only a mean condi t ion .  

A s  a  d r o p l e t  evaporates ,  t he  vapor d i f f u s e s  

away and must mix with t h e  o the r  vaporized p rope l l an t  i n  t he  p rope l l an t  

proport ions f o r  chemical r eac t ion .  I n  a rocket  combustor, t h e  t r anspor t  

and mixing a r e  most l i k e l y  t o  be  c a r r i e d  out by turbulence r a t h e r  than by 

molecular d i f f u s i o n .  The o v e r a l l  burning r a t e  of a  fue l - r i ch  d rop le t  w i l l ,  

t he re fo re ,  be a  func t ion  of t he  amount of ox id i ze r  vapor near  t h e  d r o p l e t .  

I n  t he  presence of smal l ,  pe r iod ic  t a n g e n t i a l  gas v e l o c i t y  o s c i l l a t i o n s  

(wfeiwt) t h e  gaseous mixture w i l l  be  d isp laced  r e l a t i v e  t o  t h e  d r o p l e t s ,  

causing o s c i l l a t i o n s  of t h e  l o c a l  mass f r a c t i o n s  of both ox id i ze r  and f u e l .  

Since a  f u e l  d rop le t  i s  i n  an oxidant -def ic ien t  reg ion ,  a  v e l o c i t y  pe r tu rba t ion  

which inc reases  t h e  ox id i ze r  f r a c t i o n  i n  t h e  v i c i n i t y  of t he  d rop le t  w i l l  

i nc rease  t h e  con t r ibu t ion  of t h a t  d rop le t  t o  t h e  o v e r a l l  burning r a t e .  The 

oppos i te  i s  t r u e  f o r  an oxid izer - r ich  d rop le t  sub jec t  t o  t he  same pe r tu rba t ion ,  

s i n c e  an o x i d i z e r  f r a c t i o n  inc rease  corresponds t o  a  f u e l  f r a c t i o n  decrease.  

Thus, t h e  e f f e c t s  of t he  same v e l o c i t y  pe r tu rba t ion  on t h e  two d r o p l e t s  w i l l  

tend t o  cance l ,  un less  t h e  p rope l l an t s  have s i g n i f i c a n t l y  d i f f e r e n t  vapori-  

za t ion  r a t e s .  En t h e  l a t t e r  case,  a t  any a x i a l  s t a t i o n ,  t h e r e  w i l l  b e  a  

g r e a t e r  number of d rop le t s  of t h e  l e s s - v o l a t i l e  p rope l l an t ,  and summation 
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1, B ,  Technical  Description (csn t , )  

of t h e  v e l o c i t y  e f f e c t  over  a l l  of t he  d r o p l e t s  i n  the  spray  w i l l  r e s u l t  

i n  a  n e t  con t r ibu t ion  t o  t h e  burning r a t e .  This con t r ibu t ion  w i l l  c l e a r l y  

depend on the  amplitude of t he  v e l o c i t y  a s  w e l l  a s  i t s  d i r e c t i o n .  For 

small  pe r tu rba t ions ,  and f o r  t h e  doublet  spray shown i n  Figure lOa, t h e  

burning r a t e  con t r ibu t ion  can be w r i t t e n  i n  t he  form 

where 1 i s  a  v e l o c i t y  i n t e r a c t i o n  index analogous t o  t h e  pressure  i n t e r -  

ac t ion  index def ined  by Crocco. I n  t h e  case of an a r b i t r a r i l y  o r i en t ed  

spray ,  such a s  shown i n  F igure  lob ,  t h e  burning r a t e  pe r tu rba t ion  due t o  

v e l o c i t y  e f f e c t s  becomes 

s o  t h a t ,  i n  genera l ,  two v e l o c i t y  i nd ices  a r e  necessary.  

It is  c l e a r  t h a t  t h i s  l i n e a r i z e d  expression 

w i l l  not  be v a l i d  f o r  a l l  types of i n j e c t i o n  p a t t e r n s .  For example, 

approximately l i n e a r  e f f e c t s  can be expected wi th  a  fuel-on-oxidizer double t  

and f o r  a l ike-on-l ike p a t t e r n  i f  t he  spacing between un l ike  fans  is  

s u f f i c i e n t l y  small .  However, f o r  l a r g e  spac ings ,  nonl inear  v e l o c i t y  e f f e c t s  

must be  taken i n t o  cons idera t ion .  

A t  p r e sen t ,  t h e  magnitudes of t he  v e l o c i t y  

i n d i c e s  cannot be  ca l cu la t ed  because of t h e  l ack  of q u a n t i t a t i v e  knowledge 

of t he  processes  involved i n  l i q u i d  p rope l l an t  combustion under t u rbu len t  

condi t ions .  
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It is also possible to formulate the above 

discussion in terms of displacement interaction indices. Letting the radial 
iot iwt and transverse components of the displacements be 6 '  e and 6'8e , the net 

r 
combustion process rate perturbation can be written 

It is clear that mr = iwl me = iolg. Thus, the displacement indices present 
r 

at 90° phase shift with respect to the velocity indices. 

The analysis of the effects of velocity 

(or displacement) sensitivity on the stability of a combustor is considerably 

simplified by assuming that the velocity effects occur during the same time 

interval' (the sensitive time lag) as the pressure effects. In this case, 

the burning rate perturbation becomes 

where 

In equation ( 3 2 ) ,  additional simplifications 

have been introduced by assuming that all propellant elements have equal 

mean sensitive time lags, and that the space lag associated with the sensitive 

time lag is a negligible fraction of the wave length. In general, of course, 

the mean sensitive time Lag varies from one propellant element to another. 

Crocco and Cheng have shown that this nonunifomfty of the sensitive time lag 

leads to increased stability of the combustor, Tlneref~re, the assumption 

of a unifem time lag produces a conservative stability prediction. 
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It would be poss ib l e  t o  gene ra l i ze  t h e  burning 

r a t e  expression t o  allow f o r  d i f f e r e n t  time l ags  f o r  pressure  and v e l o c i t y  

e f f e c t s .  However, both mathematical and phys ica l  cons idera t ions  i n d i c a t e  

t h e  d e s i r a b i l i t y  of t h e  s impler  formulat ion.  

(c)  Approximate Treatment of Nonlinear Combustion 
Response 

Non l inea r i t i e s  a s soc i a t ed  wi th  o s c i l l a t o r y  

combustion chamber opera t ion  can de r ive  from two sources:  (1) t h e  f l u i d  

mechanical behavior  of t h e  gases  i n  t h e  chamber, and (2)  t h e  dynamics of t he  

combustion process .  It is c l e a r  t h a t  s i g n i f i c a n t  i n t e r a c t i o n s  between t h e  

two kinds can a l s o  occur. The s t u d i e s  of Priem and Guentert  have shown t h a t  

combustion process n o n l i n e a r i t i e s  can be important even f o r  o s c i l l a t i o n  ampli- 

tudes less than 20% of t h e  mean chamber pressure.  Thus, i t  is worthwhile t o  

consider  non l inea r i t y  of t h e  combustion response whi le  r e t a i n i n g  t h e  l i n e a r i z e d  

f l u i d  mechanical ana lys i s  wi th  i ts  a t t endan t  s i m p l i f i c a t i o n .  

To i n s e r t  t h e  nonl inear  combustion dynamics 

i n t o  the  framework of t h e  l i n e a r  theory,  some method of equiva len t  l i n e a r i z a -  

t i o n  must be used. The method s e l e c t e d  i n  t h i s  ana lys i s  i s  t h e  "descr ibing 

funct ion" method. 

When a s i n u s o i d a l  s i g n a l  i s  input  t o  a  

nonl inear  element, t he  output  w i l l  n o t ,  i n  gene ra l ,  be s inuso ida l .  Four ie r  

a n a l y s i s  of t he  output  w i l l  r e v e a l  many frequency components, among which 

i s  one ( the  fundamental) t h a t  corresponds t o  t he  frequency of t h e  inpu t  s i g n a l .  
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For the  a n a l y s i s  of s t a b i l i t y ,  only t h e  fundamental frequency component i s  

requi red ,  a s  shown by Reardon (Ref 8). An equiva len t  l i n e a r  t r a n s f e r  func t ion  

f o r  the  nonl inear  element can be defined a s  t h e  r a t i o  of t he  fundamental 

component of t h e  output t o  t h e  inpu t .  Thus, i f  

I ( t )  = I e  i w f  t 

i s  t h e  i n p u t ,  and 

is the  output ,  t h e  equiva len t  l i n e a r  t r a n s f e r  func t ion  i s  

For n o n l i n e a r i t i e s  t h a t  can be t r e a t e d  by 

t h i s  method, l i n e a r  behavior i s  obtained f o r  l i m i t i n g  values of t h e  input  (e .g . ,  

I - tO  o r  I*). It i s  convenient t o  d e f i n e  a  "descr ibing funct ion" F a s  

where (TF)LIM is  t h e  l i m i t i n g  l i n e a r  t r a n s f e r  func t ion .  Thus, a l i n e a r  

ana lys i s  can be extended t o  inc lude  i s o l a t e d  nonl inear  e f f e c t s  by r ep lac ing  

the  l i n e a r  t r a n s f e r  func t ion  of t he  nonl inear  element by F(w) (TF)LIM 

I n  applying t h i s  approach t o  t he  combustion 

i n s t a b i l i t y  problem, i t  Is assumed t h a t  t he  on ly  s i g n i f i c a n t  n ~ n l i n e a r i t i e s  

Page 56  



I, B ,  Technical Descr ip t ion  (cant*) 

a r e  those a s soc i a t ed  wi th  the  response of t h e  combustion process t o  p re s su re  

and v e l o c i t y  pe r tv rba t ions .  Three descr ib ing  func t ions  are requi red ,  

corresponding t o  t h e  combustion response t o  p re s su re ,  r a d i a l  v e l o c i t y ,  and 

t a n g e n t i a l  v e l o c i t y  per turba t ions .  Thus, t h e  combustion r a t e  pe r tu rba t ion  

be comes 

I n  t h e  above express ion ,  t h e  dependence of t h e  descr ib ing  func t ions  on t h e  

pe r tu rba t ion  ( input )  amplitude is  shown e x p l i c i t l y .  This dependence on 

amplitude in t roduces  complications i n t o  t h e  s o l u t i o n  of t he  pe r tu rba t ion  

equat ions.  I n  genera l ,  t h e  input  amplitude i s  a  func t ion  of t h e  a x i a l ,  as 

w e l l  as t h e  t r ansve r se ,  space coordinate .  To ob ta in  a s o l u t i o n ,  i t  is  

necessary t o  in t roduce  t h e  a d d i t i o n a l  s i m p l i f i c a t i o n  of neglec t ing  t h e  

a x i a l  v a r i a t i o n  of pe r tu rba t ion  amplitude i n  t he  eva lua t ion  of t h e  desc r ib ing  

func t ion .  For pu re ly  t r ansve r se  modes, t h i s  is n o t  an unreasonable 

approximation, and i t  breaks down s i g n i f i c a n t l y  only f o r  higher-order 

l ong i tud ina l  modes. The e r r o r  made by us ing  the  pe r tu rba t ion  amplitudes 

a t  t h e  i n j e c t o r  f a c e  w i l l  be  s m a l l .  

To c a l c u l a t e  t h e  descr ib ing  func t ions ,  i t  

is necessary t o  know t h e  shape of t h e  combustion response t o  each pe r tu rba t ion .  

Since i t  i s  assumed t h a t  t h e  e f f e c t s  a r e  independent of each o t h e r ,  t h e  

burning r a t e  pe r tu rba t ion  can be w r i t t e n  
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(a) Response Function v i th  Odd-Symmetry 

IYlput I 

(b) Asymmetric Response Function 

F i g u r e  11 --Examples of Nonlinear Response Functions 
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The procedure f o r  c a l c u l a t i n g  each descr ib ing  func t ion  is  the  same; there-  

f o r e ,  i t  i s  necessary only t o  d i scuss  one, say ,  t h e  pressure-ef fec t  desc r ib ing  

func t ion .  

The input  pe r tu rba t ion  is p '  = Po cosx 

where x = o t  and, from Four i e r  ana lys i s  t he  fundamental term of t h e  output  

s e r i e s  is  

Thus, t h e  descr ib ing  func t ion  is given by 

I n  the  expressions above, C i s  an a r b i t r a r y  cons tan t ,  and (TF)LIM is  a 

s u i t a b l e  normalizing f a c t o r ,  such t h a t  F+l f o r  equiva len t  l i n e a r  opera t ion .  

The choice of (TF)LIM depends on the  c h a r a c t e r i s t i c s  of each nonl inear  

response func t ion ,  and a genera l  r u l e  does no t  appear f e a s i b l e .  

The descr ib ing  func t ion  method app l i e s  w e l l  

t o  n o n l i n e a r i t i e s  wi th  odd symmetry (Figure l l a ) .  It i s  no t  app l i cab le  t o  

response func t ions  wi th  even symmetry, such a s  t he  v e l o c i t y  e f f e c t  on 

vapor iza t ion ,  s i n c e  t h e r e  i s  no con t r ibu t ion  t o  t he  fundamental term of t h e  

Four ie r  s e r i e s .  An in te rmedia te  case is  t h a t  of asymmetric response 

func t ion  (Figure l l b ) ,  I n  t h i s  case ,  t h e r e  w i l l  b e  a s i g n i f i c a n t  con t r ibu t ion  

t o  t he  fundamental o s c i l l a t i o n ,  bu t  a  change i n  t he  mean burning r a t e  a s  we l l .  

This change i n  t he  mean burning r a t e  occurs only during t h e  s e n s i t i v e  po r t ion  

of the  t o t a l  time l a g  and s o  w i l l  have a n e g l i g i b l e  i n f luence  on the  s teady  

s t a t e  s o l u t i o n ,  
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I ,  B ,  Technical Descr ip t ion  ( con t , )  

I n  gene ra l ,  t h e  descr ib ing  func t ion  i s  

complex; t h a t  i s ,  t h e  nonl inear  combustion response in t roduces  a  phase 

s h i f t  a s  w e l l  a s  an amplitude change. However, f o r  response func t ions  wi th  

odd symmetry, t h e  fundamental component of t h e  output i s  i n  phase wi th  t h e  

i n p u t ,  so  t h a t  t he  descr ib ing  func t ion  is r e a l .  

(5) E f fec t  of Non-Uniform I n j e c t i o n  

The non-uniformity of mass i n j e c t i o n  i n  t h e  

r and 6 d i r e c t i o n  can be cha rac t e r i zed  by a burning r a t e  d i s t r i b u t i o n  func t ion  

p ( r ,  8)  which i s  t h e  r a t i o  of t h e  l o c a l  i n j e c t i o n  dens i ty  t o  the  mean i n j e c t i o n  

dens i ty  s o  t h a t  

When y i s  mul t ip l i ed  by < i n  equat ions 13b t e r n s  on t h e  r i g h t  hand s i d e  a r e  

known func t ions  of r and 0 as  w e l l  as 2 .  The s o l u t i o n  of t h i s  type  of 

inhomogeneous d i f f e r e n t i a l  equat ion can be  expressed as a Bessel-Fourier 

s e r i e s  a s  fol lows:  

where t h e  s u b s c r i p t  a i n d i c a t e s  pressure e f f e c t s  (assoc ia ted  wi th  P) b 

r a d i a l  v e l o c i t y  e f f e c t s  ( a s soc i a t ed  wi th  R), c t a n g e n t i a l  v e l o c i t y  e f f e c t s  

(assoc ia ted  w i t h  T )  and d damping e f fec t s  (which are independent o f  r and 8 ) .  
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-&en the orthogonality property of the functions 'i' and 0 is used on the 

system characteristic equation the coefficients Avq, Bvq and Cvq are found 

to be: 

1 271. 2 1 ( r e )  Y vq evev* r dr do 

In section I , B , ~  it is seen how these coefficients affect the characteristic 

equation. It should be noted that if the energy addition follows a non- 

linear relationship a describing function must also be included in the above 

coefficients. 
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I ,  B ,  Techn ica l  Descript ion ( con t , )  

(6) Nozzle Admittance 

I n  any r o c k e t  combustion i n s t a b i l i t y  a n a l y s i s ,  i t  

is  d e s i r a b l e  t o  app ly  a  boundary c o n d i t i o n  a t  t h e  n o z z l e  e n t r a n c e  t o  d e s c r i b e  

t h e  e f f e c t  of t h e  n o z z l e  upon wave motion i n  t h e  combustion chamber. I n  a 

l i n e a r i z e d  a n a l y s i s ,  t h i s  boundary c o n d i t i o n  i s  w r i t t e n  i n  t h e  form of an  

admi t t ance  r e l a t i o n ;  t h a t  i s ,  a  l i n e a r  r e l a t i o n  between t h e  p e r t u r b a t i o n s  o f  

two thermodynamic p r o p e r t i e s  and of t h e  v e l o c i t y  components. The c o e f f i c i e n t s  

i n  t h i s  r e l a t i o n  a r e  termed admi t t ance  c o e f f i c i e n t s  and a r e  c a l c u l a t e d  by 

means of an a n a l y s i s  of t h e  o s c i l l a t o r y  f low i n  t h e  n o z z l e ,  I n  t h i s  s e c t i o n ,  

t h e  a n a l y s i s  and numerical  i n t e g r a t i o n  which l e a d  t o  t h e  d e t e r m i n a t i o n  of 

t h e s e  c o e f f i c i e n t s  a r e  d i s c u s s e d .  

The d i v e r g e n t  p o r t i o n  of t h e  s u p e r c r i t i c a l  n o z z l e  

need n o t  be  ana lyzed ;  a l l  t h a t  is p e r t i n e n t  i s  t h e  subson ic  f low i n  t h e  con- 

v e r g e n t  p o r t i o n  s i n c e  any d i s t u r b a n c e s  t o  t h e  s u p e r s o n i c  f low cannot  p r o p a g a t e  

upst ream through t h e  t h r o a t .  There fore ,  d i s t u r b a n c e s  i n  t h e  subson ic  p o r t i o n  

of t h e  n o z z l e  and i n  t h e  chamber a r e  n e i t h e r  a f f e c t e d  n o r  caused by d i s t u r -  

bances  i n  t h e  s u p e r s o n i c  r e g i o n ,  (The o p p o s i t e ,  however, i s  n o t  t r u e . )  

To d a t e ,  two t y p e s  o f  n o z z l e s  have been ana lyzed :  

a x i s y m e t r i c  d e s i g n s  and two-dimensional d e s i g n s .  The a x i s y m e t r i c  c a s e  i s  

p r e s e n t l y  t h e  one of t h e  most p r a c t i c a l  s i g n i f i c a n c e  and i s  t h e  one t o  be  

d i s c u s s e d  h e r e .  The two-dimensional c a s e  a p p l i e s  t o  t h i n  a n n u l a r  chambers 

and t o  c e r t a i n  exper imenta l  c o n f i g u r a t i o n s ,  The a n a l y s e s  of t h e  two c a s e s  

a r e  s i m i l a r ;  d e t a i l s  of b o t h  a r e  g iven  i n  References  11 and 12.  

'She unper tu rbed ,  o r  s t e a d y - s t a t e ,  f low is con- 

s i d e r e d  t o  be one-dimensional i n  o r d e r  t o  s i m p l i f y  the a n a l y s i s ,  The pe r -  

tu rbed  f l o w ,  however, may be three-dinzerasf anal * The combustion p r o c e s s  i s  
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assumed to be completed before  the  flow enters  the  aozz l e  so t h a t  t h e r e  are 

no source terms i n  t h e  d i f f e r e n t i a l  equat ions of motion. The equat ions  do 

al low f o r  t h e  occurrence of entropy waves and v o r t i c i t y  waves i n  the  nozz le  

due t o  t he  combustion chamber. 

The three-dimensional coordinate  system (Figure 12)  

employs t h e  va lues  of t h e  v e l o c i t y  p o t e n t i a l  4 and the  s t ream funct ion  @ of 

t h e  unperturbed flow i n  add i t i on  t o  t h e  azimuthal angle ,  with 

where s i s  t h e  s t r eaml ine  d i r e c t i o n  and n i s  t h e  d i r e c t i o n  normal t o  t h e  

s t reaml ine .  Since t h e  va lue  of t he  s t ream funct ion  i s  a cons tan t  at t h e  

nozzle  w a l l s  where t h e  boundary condi t ions  a r e  appl ied ,  s epa ra t ion  of v a r i -  

ab les  i s  allowed. 

Under t h e  usua l  assumption of small-amplitude 

o s c i l l a t i o n s ,  l i n e a r  p a r t i a l  d i f f e r e n t i a l  equat ions a r e  obtained t h a t  govern 

t h e  per turba t ions .  These equat ions a r e  separa ted  under t h e  assumption t h a t  

t he  nozzle  is  s u f f i c i e n t l y  long t h a t  t h e  cos ine  of t h e  semi-angle of con- 

vergence may be  approximated by uni ty .  The t i m e  and azimuthal dependencies 

a r e  given by s i n u s o i d a l  func t ions .  The r a d i a l  dependencies a r e  given i n  terms 

of Bessel  func t ions  of the  f i r s t  kind and t h e i r  de r iva t ives .  The a x i a l  

dependencies a r e  r e l a t e d  t o  t h e  s o l u t i o n  t o  a c e r t a i n  second-order l i n e a r  

ordinary d i f f e r e n t i a l  equat ion wi th  complex-variable c o e f f i c i e n t s  which can 

only be obtained i n  exac t  form by numerical i n t e g r a t i o n .  
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This second order  d i f f e r e n t i a l  equat ion i s  

s i n g u l a r  a t  t h e  t h r o a t ;  one of t h e  homogeneous s o l u t i o n s  w i l l  be  r egu la r  

t he re  and t h e  o t h e r  one w i l l  be  s ingu la r .  The s i n g u l a r  s o l u t i o n  i s  c a s t  

away. This procedure has  been demonstrated t o  b e  equiva len t  t o  disal lowing 

pe r tu rba t ions  t o  propagate upstream from t h e  supersonic po r t ion  of t he  

nozz le  (Ref 6 ) .  

It has been shown t h a t  t h e  admittance c o e f f i c i e n t s  

a r e  func t ions  of t h e  s o l u t i o n s  t o  c e r t a i n  f i r s t  o rder  equat ions t h a t  a r e  

obtained by reduct ion  of t h e  o r i g i n a l  second o rde r  equat ion .  So, while it 

would be necessary t o  i n t e g r a t e  t h e  second-order equat ion i n  order  t o  de t e r -  

mine t h e  v a r i a t i o n  of t h e  flow p r o p e r t i e s ,  i t  i s  n o t  necessary f o r  t h e  purpose 

of determining t h e  admittance c o e f f i c i e n t s .  Since the  i n t e r e s t  l i e s  i n  t h e  

p red ic t ion  of g loba l  s t a b i l i t y  c h a r a c t e r i s t i c s  and n o t  i n  t h e  d e t a i l s  of t h e  

flow i t s e l f ,  only t h e  equat ions  immediately needed t o  determine the  admittance 

c o e f f i c i e n t  w i l l  be  presented.  The de r iva t ions  and a d d i t i o n a l  analyses  may 

be found i n  Reference 11. 

The admittance c o e f f i c i e n t s  f o r  a given geometry 

a r e  determined as func t ions  of t h e  a x i a l  coordinate  o r ,  equ iva l en t ly ,  of t h e  

l o c a l  mean-flow Mach number. This impl ies  t h a t ,  when the  admittance c o e f f i -  

c i e n t  a t  t h e  nozz le  en t rance  is  d e s i r e d ,  t h e  a x i a l  coord ina te  a t  t h e  en t rance  

o r  t h e  en t rance  Mach number must be known before  t h e  admittance c o e f f i c i e n t s  

can be determined. 

The l i n e a r  admittance condi t ion  i s  given by 

y u + A ~ + y B s  V + y C S = O  
V Q  

(38) 
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where U ,  P ,  V ,  and S a r e  t h e  a x i a l  dependencies  of the nondimensional pe r -  

t u r b a t i o n s  of a x i a l  v e l o c i t y ,  p r e s s u r e ,  r a d i a l  v e l o c i t y ,  and e n t r o p y ,  

r e s p e c t i v e l y .  

The a n n u l a r  n o z z l e  a n a l y s i s  used i n  t h i s  program 

i s  based on Reference 11. I t  c o n t a i n s  c e r t a i n  i n c o n s i s t e n c i e s  which shou ld  

b e  a i r e d .  The c u r r e n t  a n a l y s i s  i s  an  approximat ion t o  an a n n u l a r  n o z z l e  

a n a l y s i s  which i s  expected t o  b e  e x a c t  f o r  a  c e r t a i n  c a s e .  

The c y l i n d r i c a l  n o z z l e  a n a l y s i s  p o s t u l a t e s  t h e  

e x i s t e n c e  of s t r e a m l i n e s  and a  v e l o c i t y  p o t e n t i a l .  The e q u a t i o n s  o f  motion 

a r e  w r i t t e n  i n  terms of s t ream f u n c t i o n s  and v e l o c i t y  p o t e n t i a l s .  The 

l i m i t s  o f  i n t e g r a t i o n  i n  t h e  r a d i a l  d i r e c t i o n  must b e  w r i t t e n  i n  terms of 

t h e s e  s t r e a m l i n e s .  For a  conven t iona l  n o z z l e  t h e s e  l i m i t s  a r e  t h e  n o z z l e  

c e n t e r l i n e  and t h e  o u t e r  w a l l  which a r e  b o t h  s t r e a m l i n e s .  To make an  

a n n u l a r  a n a l y s i s  from t h e  c o n v e n t i o n a l  n o z z l e  a n a l y s i s  w i t h  a  minimum of 

f u s s  a d i f f e r e n t  s t r e a n i l i n e  can b e  chosen f o r  t h e  i n n e r  boundary.  A new 

cor responding  v a l u e  of s can a l s o  be  determined,  It i s  c l e a r  t h a t  once 
v17 

t h e  o u t e r  boundary i s  chosen t h e  number of p o s s i b l e  i n n e r  boundar ies  i s  

s e v e r e l y  l i m i t e d  t o  one which i s  a  c o n s t a n t  f r a c t i o n  of t h e  o u t e r  r a d i u s .  

The n o z z l e  admi t t ance  a n a l y s i s  r e q u i r e s  a t a b l e  

o f  t h e  s q u a r e  of t h e  v e l o c i t y  v e r s u s  t h e  v e l o c i t y  p o t e n t i a l .  For a g e n e r a l  

a n n u l a r  n o z z l e  i n n e r  and o u t e r  con tour  t h i s  can be  c a l c u l a t e d  by f i r s t  ca lcu-  

l a t i n g  a r e a  r a t i o s  v e r s u s  d i s t m c e  then  v e l o c i t i e s  v e r s u s  d i s t a n c e  and t h e  

v e l o c i t y  p o t e n t i a l  from v e l o c i t y  and d i s t a n c e s .  A s  t h i s  program i s  w r i t t e n  

t h e  t a b l e  of v e l o c i t y  squared v e r s u s  v e l o c i t y  p o t e n t i a l  i s  c a l c u l a t e d  f o r  a  

v e r y  g e n e r a l  a n n u l a r  n o z z l e  c o n f i g u r a t i o n ,  It should b e  c l e a r  from t h e  

d i s c u s s i o n  above t h a t  t h e  c o n f i g n r a t i o n  f o r  which t h e  admi t t ance  is  o b t a i n e d  

is  n o t  i n  g e n e r a l  t h e  c o n f i g u r a t i o n  assumed, 
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Basic  changes t o  the  nozzle  admittance ana lys i s  are 

needed t o  r e c t i f y  t h i s  l i m i t a t i o n .  

(7) C h a r a c t e r i s t i c  Equation 

Solu t ion  of t h e  pe r tu rba t ion  equat ions g ives  t h e  

p re s su re  pe r tu rba t ion  i n  t h e  form of '  a Bessel-Fourier s e r i e s :  

I n  t h i s  express ion  t h e  ind ices  v and n r e f e r  t o  t h e  fundamental term, t h a t  i s ,  

t o  t h e  o s c i l l a t o r y  mode under cons idera t ion .  The o t h e r  terms i n  t h e  s e r i e s  

account f o r  t h e  d i s t o r t i o n  introduced by flow, i n j e c t i o n  d i s t r i b u t i o n ,  v e l o c i t y  

e f f e c t s ,  and nonl inear  combustion response. For va lues  of t h e  i n d i c e s  p ,  q  

d i f f e r e n t  from v ,  n ,  each term i n  the  s e r i e s  inc ludes  an i n t e g r a t i o n  cons tan t .  

However, t h e  i n t e g r a t i o n  constant  f o r  t h e  fundamental term can be shown t o  be 
3 

of o rde r  M , and so  can be neglec ted  i n  t he  present  ana lys i s .  The cons tan t  

P r ep re sen t s  t he  pe r tu rba t ion  amplitude l e v e l ;  i n  t h i s  l i n e a r i z e d  a n a l y s i s ,  
0 0 

t he  amplitude has no e f f e c t  on t h e  s t a b i l i t y  so lu t ion .  

Since t h e  pe r tu rba t ion  s o l u t i o n  i s  obtained i n  t h e  

form of a  s e r i e s ,  t h e  nozzle  admittance boundary condi t ion  must be appl ied  

term by term. For each p ,  q  # v ,  n ,  t h e  nozzle  boundary condi t ion  can be  

used t o  determine the  i n t e g r a t i o n  cons tan t .  Applicat ion of t he  remaining 

condi t ion ,  

r e s u l t s  i n  an eigenvalue problem. That i s ,  t h i s  equat ion i s  the  cha rac t e r -  

i s t i c  equat ion f o r  t he  eigenvalues o = X + i w .  For a given combustor geometry 
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and f o r  a  given va lue  of t he  combustion parameters n, T ,  1 and 1 the  r 0 ' 
c h a r a c t e r i s t i c  equat ion can, i n  p r i n c i p l e ,  be used t o  determine the  frequency 

of o s c i l l a t i o n  w and t h e  growth r a t e  A of t he  pe r tu rba t ion  amplitude. 

However, s i n c e  the  coeff i c i e n t s  of the charac te r -  

i s t i c  equat ion a r e  func t ion  of the  v a r i a b l e  o ,  i t  i s  more convenient t o  regard 

o a s  one of t h e  independent va r i ab l e s .  Considerable s i m p l i f i c a t i o n  r e s u l t s  i f  

A = 0, t h a t  i s ,  o = i w ,  which i s  i n t e r p r e t e d  phys i ca l ly  a s  an o s c i l l a t i o n ,  

t he  amplitude of which n e i t h e r  grows nor  decays wi th  time. The n e u t r a l  condi- 

t i o n  i s  c l e a r l y  the  boundary between s t a b l e  and uns tab le  opera t ion ,  and is  

sometimes r e f e r r e d  t o  a s  t he  s t a b i l i t y  l i m i t .  

For n e u t r a l  o s c i l l a t i o n s ,  regarding the  frequency 

a s  an independent v a r i a b l e ,  t he  c h a r a c t e r i s t i c  equat ion becomes a  r e l a t i o n  

between the  combustion parameters,  Since the  equat ion i s  complex, two of t h e  

combustion parameters can be determined i n  terms of t he  o the r  two. I t  i s  

n a t u r a l  t o  s e l e c t  t h e  s e n s i t i v e  time l a g  r and t h e  pressure  i n t e r a c t i o n  index 

n  a s  t h e  dependent v a r i a b l e s ,  because these  parameters a r e  s i g n i f i c a n t  t o  a l l  

modes of o s c i l l a t i o n .  Following t h i s  procedure, the  c h a r a c t e r i s t i c  equat ion  

can be w r i t t e n  i n  the form: 

The s o l u t i o n  i s  
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2 .rr 
where T is determined t o  wi th in  an a d d i t i v e  cons tan t  -. w 

A t y p i c a l  s o l u t i o n  f o r  n  (a) and T (w) f o r  assumed 

va lues  of t h e  v e l o c i t y  i n d i c e s  is  shown i n  Figure 13. This s o l u t i o n  a p p l i e s  

a t  t h e  s t a b i l i t y  l i m i t s ,  where A = 0 .  It can b e  seen  t h a t  f o r  any va lue  of 

T only one va lue  of n  is cons i s t en t  wi th  n e u t r a l  o s c i l l a t i o n s .  For t h e  same 

T ,  a  l a r g e r  n  corresponds t o  i n s t a b i l i t y  (A > 0) and a smaller  n  t o  s t a b i l i t y  

( A  < 0). I n  t h e  c a s e  of t r ansve r se  modes, f o r  va lues  of n  i n  t h e  range of 

i n t e r e s t  (< - 2 ) ,  t h e  frequency v a r i e s  over  a very  narrow range, and is  very  

nea r ly  equal  t o  t h e  corresponding acous t i c  frequency. For l ong i tud ina l  modes, 

both t h e  frequency range and t h e  depar ture  from t h e  acoustic-mode frequency 

a r e  somewhat l a r g e r .  The narrow frequency range r e s u l t  i s  r e l a t e d  d i r e c t l y  

t o  t h e  f a c t  t h a t  h igh  frequency i n s t a b i l i t y  involves  the  i n t e r a c t i o n  of t h e  

combustion chamber. The chamber acous t i c s  a r e  somewhat modified by t h e  

presence of t h e  exhaust  nozzle  and t h e  mean gas flow, bu t  a good approxima- 

t i o n  of t h e  resonant  f requencies  can be  made without  re ference  t o  t h e  com- 

bus t ion  e f f e c t s .  

(8) Longitudinal  Mode Analysis 

The preceding d i scuss ion  i s  v a l i d  genera l ly  f o r  any 

mode bu t  a p p l i e s  more s p e c i f i c a l l y  f o r  t h e  t r ansve r se  mode ana lys i s  of t h i s  

program. The a n a l y s i s  of l ong i tud ina l  modes i s  s imp l i f i ed  considerably,  with- 

ou t  l o s i n g  the  e s s e n t i a l  f e a t u r e s ,  by assuming t h a t  t h e  combustion i s  con- 

cen t r a t ed  at a  s i n g l e  a x i a l  s t a t i o n ,  el. I f  t h e  s t eady- s t a t e  v e l o c i t y  pro- 

f i l e  ; (2) is  given,  a  combustion f r o n t  Location can be defined by: 
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where Ge = ; (Z = 1 )  is  t h e  gas v e l o c i t y  a t  t h e  nozz le  en t rance .  

I n  t h i s  a n a l y s i s  t h e  combustion chamber is sepa- 

r a t e d  i n t o  two reg ions  by t h e  combustion f r o n t .  Between t h e  i n j e c t o r  and t h e  

f r o n t  (Region "0" where 0 - < Z < 5 ) t h e r e  is  no mean gas  v e l o c i t y .  Liquid - 1 
prope l l an t  d r o p l e t s ,  assumed t o  have n e g l i g i b l e  volume compared t o  t he  t o t a l  

volume by Region "O", t r a v e l  through t h e  gases  and b u r s t  ins tan taneous ly  i n t o  

gaseous products  a t  t h e  combustion f r o n t .  The (dimensionless) l i q u i d  v e l o c i t y  - 
u is  assumed t o  be  small ,  s o  t h a t  i t s  square is  n e g l i g i b l e ,  even through t h e  L 0 

gas v e l o c i t y  i n  Region "1" is - no t  r e s t r i c t e d .  

Downstream of t h e  combustion f r o n t ,  i n  Region "I", 

t h e  s teady-s ta te  gas  v e l o c i t y  i s  cons tan t  and equal  t o  t he  nozz le  en t rance  

v e l o c i t y .  The gases  i n  Region "0" and Region "1" a r e  assumed t o  have t h e  

same s t agna t ion  p rope r t i e s .  Assuming t h a t  any k i n e t i c  energy l o s t  by t h e  

d r o p l e t s  whi le  t r a v e l i n g  through Region "0" is t r a n s f e r r e d  i n t o  thermal energy 

of t h e  d r o p l e t s ,  and neglec t ing  h e a t  t r a n s f e r  and v iscous  e f f e c t s ,  t he  com- 

bus t ion  f r o n t  appears a s  a p l ana r  mass source,  and t h e  s t agna t ion  enthalpy 

i s  cons tan t  i n  Regions "0" and "1". 

The s teady  state equat ions i n  Region "0" y i e l d :  
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In Region '7' these e q u a t i o n  g i ve :  

y - l  - b 

1 - ---- u 2 e  

The l i q u i d  v e l o c i t y  i n  Region "0" is  given by: 

The unsteady equat ions ,  with pressure  and d e n s i t y  

r e l a t e d  by assuming cons tan t  entropy reduce t o :  
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Region "1" 

These equations have t h e  general  per iodic  so lu t ions  

Region "0" 

Region "1" 
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where 

.L a =------ I 

and asl - - - r l  - - - - 
C -t- u C - u  

The c o e f f i c i e n t s  C 
r o y  'so' 'rl' 'sl 

must be determined by t h e  boundary con- 

d i t i o n s .  Two of t h e s e  boundary condi t ions  a r e  t h a t  u '  = 0 a t  Z = 0 and t h e  

nozzle  admittance condi t ion :  

where a i s  t h e  l o n g i t u d i n a l  nozzle  admittance c o e f f i c i e n t  and i s  i n  

gene ra l  complex. 

The remaining two boundary condi t ions  a r e  t h e  

matching condi t ions  ac ros s  t h e  combustion f r o n t .  These a r e  obtained by 

w r i t i n g  t h e  mass and momentum conservat ion equat ions ac ros s  t h e  combustion 

f r o n t  under o s c i l l a t o r y  condi t ions  assuming the  burning r a t e  pe r tu rba t ion ,  

Q', i s  given by: 

The d e t a i l s  of t h i s  procedure a r e  given i n  Ref. I. Once these  c o e f f i c i e n t s  

a r e  obtained a  c h a r a c t e r i s t i c  equat ion can be w r i t t e n  i n  terms of t h e  param- 

e t e r s  n ,  T and o.  The n e u t r a l  s t a b i l i t y  boundaries  can then be obtained 

us ing  the  same procedure a s  t h a t  used f o r  a t r ansve r se  mode. 



I, Problem (cont ,) 

C.  EQUATIONS 

1. Program A - Longitudinal  Mode Analysis 

- - - 
Input  = M (Z*) , Me , Co*, K, y , u t0 ,  LC*, a N 

L * 
C 

M (Z*) dZ* 
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Evaluate n and T over a range of w .  
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2 .  

- - 'R. 'e 
Input. = s , Y, D1(Z), 'a9 C E r  ~E,Y K, Ue, ,r ,$ 

vn 

- 

L du 

Y1 
= (y-l) 1 9 cash [Q(Lc-%)Id% + / 2 cosh [Q(Lc-z) 1 dl 

0 0 

(0J-t-i~) KW L~ pL 
C 2 

/ cosh [Q(Lc-Z) 1 dZ 
K 2 + W  0 P 
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s t 
V r l  i R i R 

Y2 
= - -  --- sinh (RLc) 

w cash (QLc) - usinh(RLc) 

E s 2 
L 

vq K W Y3=- , , 

P~ 
s i n h  [Q (LC - Z) 1 dZ 

K 2  + W2 0 

2 
L - 

+ W K P~ 
2 j ~ s i n h  [Q (LC - Z)] dZ 

K2+W 0 P 1 
L 

C - 
'6 - iE 'v' j Q s i n h  [Q (LC - Z)] dZ 

5 2 0  

evalua te  h over a range of w 
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3 .  Program C - Nozzle Admittance 

Nozzle admittance is calculated for an axisymmetric conventional 

or annular nozzle with an inner wall radius r and outer wall radius r . These i o 
radii are functions of axial distance Z from the nozzle throat which are defined 

as follows : 

r* (Z*) = R* 
0 ATe R z ~ o  CTo 

where Z* = RETo sin a, 
lo 

z* - Zi;Co 
r*(Z*)=R* + (R$~20 - K2~lo)' Zro 4 Z* < STlo Z;o - Z;o - 
0 zJio 

where R* - STID - RiTo -I- RzTo (1 - Cos aO) 

where Z* = Z50 C RECo s i n  a 
3 0  0 
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r* (Z*) = RtCO 
0 9 zgo> Z* 

rJi (z*) = ~x~~ +  RE^^ - 4 ~ 5 ~ :  - z * ~  o < Z* < Z* 
1 

- - li 

R * ~ ~ i  
> 0 

r+ (Z*) = 0 
1 

w h e r e  Z* = RETi s i n  ai li 

w h e r e  RETli = RgTi + RETi (1 - C o s  ai) 

R $ ~  2 i  = Rxci - REci (1 - COS ail 
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r? (Z*) = RiCi  - Rcci 9 Z2i < Z* 2 Z& I 

where = Z* + RZCi s i n  a '5ii 2 i  i 

R i T 0 9  R z T i p  ReTo 3 RzTi 9 RiCo 9 R z C i 9  RzCo 9 RECi 9 
and a i a r e  

i npu t  d a t a  def ined  by Figures  1 4  and 15. 

From t h e  nozz le  r a d i u s  c a l c u l a t e  t h e  nozz le  a r e a  a*. 

Mach number, M(Z), can be obtained by c r e a t i n g  a  t a b l e  of M 

ve r sus  a* from t h e  equat ion.  

- 
The v e l o c i t y  d iv ided  by t h e  speed of sound a t  t h e  t h r o a t ,  4, 

(commonly c a l l e d  M*) i s  given by 
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R*cc$ r 

Figure 14 -- Computer Input Parameters -- Annular Chamber 

Figure 15 -- Computer lnput Paramekrs -- Annular Chamber 
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I, C, Equations (cant ,  1 

The velocity potential, which is the independent variable f o r  

the equations of motion in the nozzle, is given by 

z 
A 2 K - 
4 (Z*) = - q (Z*) dZ* 

0 
A 

Auxiliary functions 5, 5('), i(2), f 3 which are required to 

define the admittance coefficients in the nozzle are given by the following 

differential equations 

b ( a +  i2) = (g + ih) - (J + i k) 
d $ 

-2 -2 
where b = q 2  ( C  - q )  
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1, C, Equations (cont-1 

The i n i t i a l  values of t h e  a u x i l i a r y  funct ions  a r e  given a s  fo l lows:  
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T ,  6, Equat ions  (cone,)  

-2 2 9 
A y-i-l w - vr,- y-1 -2 

4 
W 

where a =  2 
0 

4 

The equat ion f o r  < i s  s ingu la r  a t  Z - 0 s o  i n  t he  reg ion  of t he  
0 

t h r o a t  i s  defined from i t s  d e r i v a t i v e  a t  t h e  t h r o a t  

- L 
where - 0: a1 I Y + L / ~ + ~ ~  0 
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I, C ,  Equations (cont.) 

The nozzle admittance coefficients can be defined from the 
auxiliary functions at the desired value of Z. 
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I., 6 ,  Equat ions  (eont , )  

4. Program D 

Take h from Program B 

5. Program E 

For standing mode 

2.rr 1 FT(r,O,w) 2 
1 1 v(ry0) r Jv r) v sin v0 Cos v0 r d r  d0 

for a spinning mode replace 

Page 89 



Repor t  2067342D 

I, e ,  equations ( e o n t , >  

a ( r , 0 )  is  t h e  i n j e c t i o n  d e n s i t y  (weight f low p e r  u n i t  a r e a )  

a is t h e  t o t a l  weight  f low d i v i d e d  by t h e  t o t a l  i n j e c t o r  
ave  a r e a  

For non- l inear  combustion response ,  i n p u t  t a b l e s  of burn ing  

r a t e  v e r s u s  p r e s s u r e ,  r a d i a l  v e l o c i t y ,  and t a n g e n t i a l  v e l o c i t y ,  +p ,  +R,  

A d d i t i o n a l  d a t a  needed a r e :  P o  o  (ampl i tude of p r e s s u r e  o s c i l l a t i o n  b e i n g  

cons idered  d i v i d e d  by t h e  mean chamber p r e s s u r e )  TFLP, TFLR, and TFLT ( t h e  

l i n e a r  t r a n s f e r  f u n c t i o n s  f o r  e q u i v a l e n t  l i n e a r  o p e r a t i o n  a s s o c i a t e d  w i t h  t h e  

p r e s s u r e ,  r a d i a l  v e l o c i t y  and t a n g e n t i a l  v e l o c i t y  dependent n o n l i n e a r  e lement . )  

A  d e s c r i b i n g  f u n c t i o n  is c a l c u l a t e d  a t  each p o i n t  on t h e  i n j e c t o r .  

where 

$ p ( w ~ , r , e )  = +,(Pt)  

p '  = P cos  W T  
0 

- 
Po - lpoo Jv(Svn r )  cos v el 
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I, C ,  Equations (cont,) 

where 

where 

voo 'v (svn r )  v s i n  vo w = I  
o r I 

8. Program J ,  In j ec t ed  Mass D i s t r i b u t i o n  Ef fec t s  

This program c a l c u l a t e s  mass flow d i s t r i b u t i o n  v ( r , 0 )  used i n  t h e  

program f o r  c a l c u l a t i n g  t h e  A B and CYn. It a l s o  c a l c u l a t e s  u s e f u l  design 
vrl' vrl 

parameters such a s  p re s su re  drops, i n j e c t i o n  v e l o c i t i e s ,  mixture r a t i o s ,  and f l o w  

a reas .  Input  c o n s i s t s  of type  and l o c a t i o n  of elements,  desc r ip t ion  of each 

element type  i n  terms of o r i f i c e  diameters and number of o r i f i c e s ,  and o v e r a l l  

information inc luding  p rope l l an t  d e n s i t i e s ,  o r i f i c e  d ischarge  c o e f f i c i e n t s ,  

amount of f i l m  cool ing,  i n j e c t o r  r a d i u s ,  t o t a l  flow r a t e s  and t o t a l  mixture 

r a t i o .  

F i r s t  t h e  t o t a l  o r i f i c e  a r e a ,  AT, f o r  each propel lan t  i s  

ca l cu la t ed  : 

Z 0.7853891 d: 
A~ = i 
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I, C ,  Equa t ions  (cant,) 

Then t h e  a r e a  of t h e  f i l m  coolan t  o r i f i c e s ,  AFCT9 i s  ca l cu l a t ed  

To ta l  flows of o x i d i z e r  and f u e l  a r e  then ca l cu l a t ed .  The equat ions used depend 

on how t h e  information on t h e  f i l m  coolan t  is  input .  

I f  percent  f i l m  coolan t  is given;  Pf f  c '  percent  f u e l  f i l m  

coolan t  ; Pxfc  
percent  ox id i ze r  f i l m  coo lan t ,  t h e  t o t a l  f u e l  flow r a t e  i n  

i n j e c t o r  mat r ix ,  W f T  i s  given by: 

The t o t a l  ox id i ze r  flow r a t e  i n  t h e  i n j e c t o r  mat r ix ,  WXT, is given by: 

I f  t h e  number and s i z e  of t h e  f i l m  cool ing o r i f i c e s  a r e  given i n  terms of t h e  

f u e l  ho l e  a r ea  i n  t h e  mat r ix  A ox id i ze r  h o l e  a r e a  i n  t h e  mat r ix  %, f u e l  F ' 
f i l m  coolan t  ho l e  a r e a  A and ox id i ze r  f i l m  coolan t  a r ea  A 

FFC XFC * 

The t o t a l  weight f l o w  p e r  element is  given by: 
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I, 6 ,  Equations (cont . )  

WEi i s  used i n  Program E as fol lows:  

' ~ i  - XM XN = pi f o r  each element. 
w, 

See equa t ions  51  t o  53. 

This program a l s o  c a l c u l a t e s  i n j e c t o r  p r e s su re  drop AP: 

where Cd is t h e  o r i f i c e  d i scharge  c o e f f i c i e n t ,  A i s  t h e  o r i f i c e  a r ea ,  W i s  

t h e  o r i f i c e  flow r a t e  and p is  t h e  p rope l l an t  dens i ty .  I n j e c t i o n  v e l o c i t y  V 

is c a l c u l a t e d  from AP. 
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1, Problem (conk , )  

Area of a n n u l a r  r ~ o z z l e  

Area of t h e  i t h  f u e l  e lement ,  i n ,  
2 

Area of t h e  i t h  o x i d i z e r  e lement ,  i n .  
2 

T o t a l  a r e a  of o x i d i z e r  f i l m  c o o l a n t  o r i f i c e s ,  i n .  
2 

T o t a l  a r e a  of f u e l  f i l m  c o o l a n t  o r i f i c e s ,  i n .  
2 

T o t a l  a r e a  of o x i d i z e r  o r i f i c e s  exc lud ing  f i l m  c o o l a n t ,  i n .  
2 

T o t a l  a r e a  of f u e l  o r i f i c e s  exc lud ing  f i l m  c o o l a n t ,  i n .  
2 

T o t a l  f i l m  c o o l a n t  a r e a ,  i n .  
2 

T o t a l  o r i f i c e  a r e a ,  i n ,  2 

F a c t o r  measuring t h e  e f f e c t  of nonuniform i n j e c t i o n  on 
s t a b i l i t y  ( s e e  Equat ion 37) 

V a r i a b l e  used i n  n o z z l e  a n a l y s i s  

Term used i n  l o n g i t u d i n a l  a n a l y s i s  

F a c t o r  measuring t h e  e f f e c t  of nonuniform i n j e c t i o n  on 
s t a b i l i t y  ( s e e  Equat ion 37) 

Speed of sound nondimensional ized by t h e  s t a g n a t i o n  speed  of 
sound i n  t h e  chamber a n a l y s i s  o r  t h e  t h r o a t  speed of sound i n  
t h e  n o z z l e  a n a l y s i s  

Term used i n  l o n g i t u d i n a l  a n a l y s i s  

I n j e c t o r  o r i f i c e  d i s c h a r g e  c o e f f i c i e n t  

Dimensional s t a g n a t i o n  gas speed of sound i n  f e e t  p e r  second 

Dimensional speed of sound a t  t h e  n o z z l e  t h r o a t  i n  f e e t  pe r  
second 

Cons tan t s  i n  r a d i a l  dependent f a c t o r  of p r e s s u r e  i n  a n  a n n u l a r  
chamber 

F a c t o r  measuring t h e  e f f e c t  of nonuniform i n j e c t i o n  on 
s t a b i l i t y  ( see  Equat ion 37) Complex C 4- i C 

v nR v a1 
Diameter of t h e  ith o r i f i c e  

Diameter of t h e  i t h  f i l m  i n  c o o l a n t  o r i f i c e  

Term used in Longitudinal ar ra lys i s  

Combus t i o n  d i s t r i b u t i o n  used i n  t r a n s v e r s e  a n a l y s i s  



I, D ,  Definition of Terns ( c o n t , )  

Base t h e  n a t u r a l  logar i thms  

Term used i n  l o n g i t u d i n a l  a n a l y s i s  

Dimensional f requency i n  H e r t z  

A u x i l i a r y  f u n c t i o n  i n  nozz le  a n a l y s i s ,  complex 

R a t e  of p r e p a r a t o r y  p r o c e s s e s  b e f o r e  burn ing  

A n o z z l e  f requency d e f i n e d  by Equat ion 50 

Term used i n  l o n g i t u d i n a l  a n a l y s i s  

Descr ib ing  f u n c t i o n  def ined  by Equat ion 34 

Descr ib ing  f u n c t i o n  f o r  p r e s s u r e  o s c i l l a t i o n s  

Descr ib ing  f u n c t i o n  f o r  v e l o c i t y  o s c i l l a t i o n s  i n  t h e  r a d i a l  
d i r e c t i o n  

Descr ib ing  f u n c t i o n  f o r  v e l o c i t y  o s c i l l a t i o n s  i n  t h e  
t a n g e n t i a l  d i r e c t i o n  

V a r i a b l e  used i~ n o z z l e  a n a l y s i s  

V a r i a b l e  used i n  n o z z l e  a n a l y s i s  

P a r t  of c h a r a c t e r i s t i c  e q u a t i o n  which i n c l u d e s  a l l  a c o u s t i c  
e f f e c t s  (Equat ion 4 0 )  can a l s o  b e  viewed a s  a  chamber 
admi t t ance  complex number h = h r + i h i  

Imaginary p a r t  of h 

Rea l  p a r t  of h  

I n c l u d e s  a c o u s t i c  and nonuniform i n j e c t i o n  e f f e c t s  i n  t h e  
c h a r a c t e r i s t i c  e q u a t i o n  ( s e e  Equat ion 4 0 )  

"4 
Imaginary p a r t  of h  

Rea l  p a r t  of 2 
T o t a l  e n t h a l p y  of gas nondimensional ized by R* T * 

0 

Uni t  imaginary number 

I n p u t  t o  a  n o n l i n e a r  element 

Term used i n  l o n g i t u d i n a l  a n a l y s i s  
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1, D ,  Definition o f  T e ~ n i o  

V a r i a b l e  u s e d  r n  n o z z l e  a n a l y s i s  

Term used i n  t h e  l o n g i t u d i n a l  a n a l y s i s  

BesseL f u n c t i o n  of t h e  f i r s t  k i n d  of o r d e r  v 

D e r i v a t i v e  w i t h  r e s p e c t  t o  t h e  argument of t h e  Besse l  
f u n c t i o n  of t h e  f i r s t  k i n d  of o r d e r  v 

V a r i a b l e  used i n  n o z z l e  a n a l y s i s  

Ve loc i ty  g r a d i e r ~ k  a t  t h e  t h r o a t  nondimensional ( s e e  
Equat ion 45) 

F a c t o r  i n v o l v i n g  drople t .  d r a g  on f requency d e f i n e d  i n  
Equat ion l L  

Term used i n  1ongi tudina . l  a n a l y s i s  

Ve loc i ty  i n t e r a c t i o n  index  measuring t h e  amount of i n t e r a c t i o n  
between g a s  v e l o c i t y  i i e  t h e  r a d i a l  d i r e c t i o n  and t h e  burn ing  
r a t e  

V e l o c i t y  i n t e r a c t i o n  index  measuring t h e  amount of i n t e r a c t i o n  
between gas  v e l o c i t y  i n  t h e  t a n g e n t i a l  d i r e c t i o n  and  t h e  burn ing  
r a t e  

Term used i n  Longi tud ina l  a n a l y s i s  

Chamber l eng th ,  i n ,  

Mass burai i rg  r a t e  

Mass i n j e c L i o n  r a t e  

Displacement i n t e r a c t i o n  index  measuring t h e  amount of i n t e r -  
a c t i o n  between gas displacement  i n  t h e  r a d i a l  d i r e c t i o n  and 
t h e  burn ing  r a t e  

Displacement i ~ a t e r s c t i o r r  i n d e x  measuring t h e  amount of i n t e r -  
a c t i o n  between gas  d isplacenient  i n  Che t a n g e n t i a l  d i r e c t i o n  
and t h e  burn ing  r a t e  

l"i& ~nulnber 

Term used i n  lor ig i tudir ra l  a n a l y s i s  

Mixture  r a c i o  

P r e s s u r e  i n t e r a c t i o n  index measurirzg t h e  amount of i n t e r a c t i o n  
hetween p rps su re  oscillations and burning r a t e  o s c i l L a t i o n s  

Minimum v;~liie ( i f  T i r e  press (Ire i n t e r a c t i o n  index  f o r  a p a r t i c u l . a r  
inode 

T~*~.. r i n  u s e c l  i n  Lkre . .. i i ing i  t~rcij,lal a n a l y s i s  
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I, D, Definition of T e r m s  (cant,) 

0 Output of a n o n l i n e a r  element 

Component of o u t p u t  of a n o n l i n e a r  e lement  a t  t h e  i n p u t  , 

f requency w f  
Component of o u t p u t  of a n o n l i n e a r  element of a f requency 

j u f :  j = 2, 3, 4 ,  e t c .  

P r e s s u r e  nondimensional ized by t h e  s t a g n a t i o n  gas p r e s s u r e  

Po 
Zero th  o r d e r  s o l u t i o n  f o r  p r e s s u r e .  Defined by Equat ions  12 
and 13a 

1 
F i r s t  o r d e r  s o l u t i o n  f o r  p r e s s u r e  d e f i n e d  by Equat ions  12 
and 13b 

Z dependent f a c t o r  i n  p r e s s u r e  p e r t u r b a t i o n  

Amplitude of p r e s s u r e  o s c i l l a t i o n  

P Cons tan t  c o e f f i c i e n t  measuring ampl i tude  of p r e s s u r e  d e f i n e d  
0 0 i n  Equat ion 15a 

P f f c  
P e r c e n t  f u e l  f i l m  c o o l a n t  

Pxf c 
P e r c e n t  o x i d i z e r  f i l m  c o o l a n t  

q V e l o c i t y  nondimensional ized by t h e  s t a g n a t i o n  gas speed of 
+ sound, Co* i n  chamber. I n  t h e  n o z z l e  i t  i s  nondimensional ized 

by t h e  speed of sound a t  t h e  t h r o a t  

Q Burning rate p e r  u n i t  volume nondimensional ized by , 

PO" Co* 
r *  

0 r 
po* Co* C 

LC* 
f o r  t r a n s v e r s e  o r  l o n g i t u d i n a l  modes. 

Coord ina te  i n  t h e  r a d i a l  d i r e c t i o n .  Nondimensionalized by t h e  
chamber r a d i u s  r * 

C 

r * Dimensional chamber r a d i u s  i n  i n c h e s  
C 

r d* 
Drop le t  r a d i u s  i n  f e e t  

r *  I n n e r  r a d i u s  of an  a n n u l a r  chamber i n  f e e t  
i 

r ;t. Outer  r a d i u s  of an  a n n u l a r  chamber i n  f e e t  
0 

Gas c o n s t a n t  

R a t i o  of i n n e r  r a d i u s  and o u t e r  r a d i u s  of an a n n u l a r  n o z z l e  

'ic i Radius of i n n e r  contour  of an  a n n u l a r  chamber a t  t h e  chamber 
e n t r a n c e  i n  i n c h e s  ( s e e  F i g u r e s  14,151 

R i ~ o  
Radius of o u t e r  contour  of an  a n n u l a r  chamber a t  t h e  chamber 
e n t r a n c e  i n  i n c h e s  ( s e e  F i g u r e s  14,151 
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Radius of t h e  t i i t o a t  o i  the inrler contour  of an  a n n u l a r  n o z z l e  
i n  i n c h e s  ( s e e  f i g u r e )  

R* 
ATo 

Radius of t h e  e11roa.t of t h e  o u t e r  contour  of an  a n n u l a r  n o z z l e  
i n  i n c h e s  ( s e e  f i g u r e )  

Ri'c 
C C i  

Radius o f  c u r v a t u r e  a t  t h e  chamber e n t r a n c e  of t h e  i n n e r  
con tour  of an a n n u l a r  n o z z l e  i n  inches  ( s e e  F igure  

Radius of cr r rvature  a m h e  chamber e n t r a n c e  of t h e  o u t e r  
contour  of an a n n u l a r  n o z z l e  i n  i n c h e s  ( s e e  F igure  

Radius of c u r v a t u r e  a t  t h e  t h r o a t  of an  i n n e r  con tour  of an 
a n n u l a r  n o z z l e  i n  i n c h e s  ( s e e  F i g u r e  

Radius o f  crervat-i~rc a t  t h e  t h r o a t  of t h e  o u t e r  con tour  of an  
a n n u l a r  n o z z l e  i n  i n c h e s  ( s e e  F i g u r e  

Radius of ir tner cos-ttour of a n n u l a r  n o z z l e  a t  t r a n s i t i o n  between 
t h r o a t  c u r v a t u r e  and La~lgent  i n  i n c h e s  r * (Z k*) 

i 1 i 
Radius of o u t e r  contour  of a n n u l a r  n o z z l e  a t  t r a n s i t i o n  between 
t h r o a t  c u r v a t u r e  and t a n g e n t  i n  i n c h e s  r 9; (ZTO) 

0 

Radius of i n n e r  contour  of a n n u l a r  n o z z l e  a t  t r a n s i t i o n  between 
chamber c u r v a t u r e  and t a n g e n t  i n  i n c h e s  r A (Z*.) 

i 2 1 
Radius of ou t e r  contour  of a n n u l a r  n o z z l e  a t  t r a n s i t i o n  between 
chamber curva t l i r e  and t angen t  i n  i n c h e s  r (Z j iO)  

0 

Z dependent f a c t o r  i n  erlPropy p e r t u r b a t i o n  

Mode number f u r  a  transverse mode def ined  by Equat ions  1 9  t h r u  
21 t a b u l a t e d  fur a c y L i c d r i c a 1  chamber on page 

Mode nunher used i n  n o z z l e  a n a l y s i s  ( s e e  Equat ion 45) 

t ime nondirnensior-ial as I 
i 

Temperacure norldirne~ao iorzafi  zed by T * 
0 

Term i n  Longi tud ina l  a n a l y s i s  

S t a g n a t i o n  gas  t empera tu re  

Eqnivale i i t  l i n e a r  trazzsf er f u n c t i o n  ( s e e  Equat ion 33) 

L i m i t i n g  linear t r a n s f e r  f u n c t i o n  

G a s  v e l o c i l y  i n  Lke ax ia j  d i r e c t i o n  nondimensional ized by C * 
0 

?.leal? value of t?ie gas v e l o c i t y  a t  t h e  n o z z l e  e n t r a n c e  non- 
diinencio~?&lirccd by  c f i c  scagna l i on gas  speed. of sound 

~, , i c~~~: i -d  illj:r;ca . i ; ; i .  c i : i t y ,  ft/:;ec (:see Equation 56) 



I, D ,  Definition of Temrrs (cont ,) 

v  Gas ve loc i ty  i n  t h e  r a d i a l  d i r e c t i o n  nondimensionalized by C * 
0 

V Amplitude of r a d i a l  v e l o c i t y  o s c i l l a t i o n  
0 

V Constant c o e f f i c i e n t  measuring t h e  amplitude of r a d i a l  v e l o c i t y  
00 

V Z dependent f a c t o r  is  r a d i a l  v e l o c i t y  pe r tu rba t ion  

w Gas v e l o c i t y  i n  t he  t a n g e n t i a l  d i r e c t i o n  nondimensionalized by 

Co* 

Wo 
Amplitude of t a n g e n t i a l  ve loc i ty  o s c i l l a t i o n  

W~ 
T o t a l  p rope l l an t  weight6 flow r a t e ,  l b l s e c  

W f ~  
T o t a l  f u e l  flow r a t e  excluding f i l m  coolant ,  l b / s e c  

'XT 
T o t a l  ox id i ze r  flow r a t e  excluding f i l m  coolant ,  l b l s e c  

W ~ i  
Flow r a t e  of t h e  i t h  element, l b l s e c  

yv (  1 Bessel func t ion  of t h e  second kind of order  v  

y:( 1 Deriva t ive  wi th  r e spec t  t o  t he  argument of t h e  Bessel  func t ion  
of t he  second kind of order  v 

Yx 
Mass f r a c t i o n  of vaporized ox id i ze r  

Y 1 9 Y 2 9 Y 3 9 Y 6  Var iab les  used i n  t r ansve r se  a n a l y s i s  

Length along t h e  chamber a x i s  nondimensionalized by t h e  chamber 
length  L f o r  a  l ong i tud ina l  mode o r  by the  chamber r ad ius  r * 

C C 
f o r  a  t r ansve r se  mode 

A t  nozz le  en t rance  

Axia l  d i s t a n c e  from t h r o a t  t o  f i r s t  t r a n s i t i o n  from curve t o  
tangent  f o r  i nne r  contour of an annular  nozz le  i n  f e e t  

Axial  d i s t ance  from t h r o a t  t o  f i r s t  t r a n s i t i o n  from curve t o  
tangent  f o r  ou te r  contour of an annular  nozz le  i n  f e e t  

Axial  d i s t ance  from t h r o a t  t o  second t r a n s i t i o n  from tangent  t o  
curve f o r  i nne r  contour of an annu la r ' nozz l e  i n  f e e t  

Axial  d i s t a n c e  from t h r o a t  t o  second t r a n s i t i o n  from tangent  t o  
curve f o r  ou te r  contour of an annular  nozzle  i n  f e e t  

Axial  d i s t ance  from t h r o a t  t o  t r a n s i t i o n  from chamber t o  nozzle  
of t h e  inner  contour of an annular nozzle  i n  f e e t  

Axial  d i s t ance  from t h r o a t  t o  t r a n s i t i o n  from chamber t o  nozzle 
i n  f e e t  
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Longrtucaincr:% r:ozz;]c. adriii i.La.nce i:oe._CLicsenr. ( s e e  Equat ion 49) 

Convergence angle of ouher contour  of art anrlvlar n o z z l e  ( s e e  
F i g u r e  1-41 

Convergence a n g l e  of inner contour  of an  a n n u l a r  n o z z l e  ( s e e  
F igure  14) 

Rea l  p a r t  of d e r i v a t i v e  of < a t  t h r o a t  

Real  p a r t  of < a t  c h r o a t  

AngLe of o r i e t ~ t d t l o i ~  ~ ~ I ~ i t i v e  to t h e  0 c o o r d i n a t e ,  See 
F i g u r e  10 

Imaginary p a c t  us' derivative of r, at t h r o a t  

Longi tud ina l  aclmit~altr-t- .  c o e f t i c i e n t  f o r  en t ropy ,  corrzplex, 

~ r n a ~ i n a ; ~   pal^ ok < at t h r o a t  

R a t i o  of s p e c i f i c  h e a t s  

Z dependent f a c c o r  i.11 t h e  f i r s t  o r d e r  s o l u t i o n  f o r  p r e s s u r e  
d e f i n e d  by Equa t  icy~. 1'3 

DisplacenrenC ire gas i n  t I ~ o  r a d i a l  d i r e c t i o n  due t o  p r e s s u r e  
o s c i l l a  l i o r ~ s  

Displacement OF paa i r r  the Langen t ia l  d i r e c t i o n  due t o  p r e s s u r e  
o s c i l l a t i  ons 

Term used i r i  l o n g  i c r i c t i . i r i i  a n a l y s i s  

Term used i n  l o n g ~ t u d l n a l  a n a l y s i s  
L 

I n j e c t o r  pressure d r o p ,  I b , f i n ,  

V a r i a b l e  i n  Z t i i ~ e e ~ ~ o f i  used i n  var ious  integrals 

Auxi L i  ;?ry fu i r r  t LOTI 4 r l  i r c , ~ ~ l  e arr;rlysis complex 

Index r~urnbei i n g  t Ire xexcrs I 15 t r i e  t i e r i v a t i v e  of t h e  B e s s e l  
f unc"r_ors 

Coord ina te  r n  r h e  r m g e n ~ i a b  d i ~ e c t i o n  

Terrn used i n  ilUr7g~~tlCiiibdcia di t , r iys .k  

F u e l  angle  o i  I L ~ J ~ - ' (  t i ~ l l i  riic~t u i  i 4 i i  tram Z a x i s  

Oxid ize r  ang ie o f  j n j ec t  i ora rtaeasured f rorn Z a x i s  

B deperadei-it far t .or  - i r l  the SOLULIOTI. for pressure d e f i n e d  in 
ISqtiatj.o~i 1 5 

rc,(..r- , .i c-i efi i:deen d ~ ( ~ ) p S e t $ j  and &a3 ".'-rs 

cog< 
I j )r or ';, !?or trans- 

'" 

C. "C 



Report 20672-PZD 

I, D ,  D e f i n i t i o n  of Terrns (con%, ) 

5 mean 
r 
i 

Rea l  p a r t  of complex f requency 5 

5 
Burning r a t e  d i s t r i b u t i o n  f u n c t i o n  = - 

5 

2 mean 
V i s c o s i t y  i n  l b - s e c / f t  

Order of t h e  B e s s e l  f u n c t i o n  which i n d i c a t e s  t h e  number of 
c y c l e s  of p r e s s u r e  o s c i l l a t i o n  when t r a v e r s i n g  i n  t h e  tan-  
g e n t i a l  d i r e c t i o n  a t  a  f i x e d  r a d i u s ,  a x i a l  l e n g t h  and t i m e  

F u e l  i n j e c t i o n  v e l o c i t y ,  f t / s e c  

Oxid ize r  i n j e c t i o n  v e l o c i t y  f t / s e c  

F a c t o r  i n v o l v i n g  d r o p l e t  d r a g ,  f requency and l i q u i d  i n e r t a n c e  
d e f i n e d  i n  Equat ion 11 

D i s t a n c e  from i n j e c t o r  t o  c o n c e n t r a t e d  combustion f r o n t  non- 
d imens iona l ized  by chamber l e n g t h  

Term used i n  l o n g i t u d i n a l  a n a l y s i s  

A u x i l i a r y  f u n c t i o n  i n  n o z z l e  a n a l y s i s ,  complex 

A u x i l i a r y  f u n c t i o n  i n  n o z z l e  a n a l y s i s ,  complex 

Dens i ty  of chamber gases  nondimensional ized by t h e  s t a g n a t i o n  
gas  d e n s i t y  p * 

0 2 4 
Dens i ty  of l i q u i d  d r o p l e t s ,  lb - sec  / f t  

Complex f requency nondimensional ized a s  t h e  r e c i p r o c a l  of T i 
I n j e c t i o n  d e n s i t y  

Mean i n j e c t i o n  d e n s i t y  

P o r t i o n  of t ime 

t i o n s  nondimens 
r * 

l a g  which i s  i n s e n s i t i v e  t o  p r e s s u r e  o s c i l l a -  
LC* 

i o n a l i z e d  by - f o r  a  l o n g i t u d i n a l  mode and co* 
C - f o r  a  t r a n s v e r s e  mode 
0 

Mean s e n s i t i v e  t ime  l a g  nondimensional a s  r 
i 

T o t a l  t i m e  d e l a y  between i n j e c t i o n  of p r o p e l l a n t  and b u r n i n g  
of t h a t  same p r o p e l l a n t  nondimensional a s  r 

i 
S e n s i t i v e  t i m e  l a g  i n  m i l l i s e c o n d s  

V e l o c i t y  p o t e n t i a l  i n  t h e  exhaus t  n o z z l e  

Func t ion  r e l a t i n g  i n p u t  p r e s s u r e  t o  t h e  combustion t o  the out-  
p u t  (burn ing  r a t e )  
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L ,  D, D e f i n i t i o n  o f  'iEc.rrii.; i i s c i r t i  j 

@ R 
Func t ion  iei,lr rrl:, i r i l r r i i  i d i i ~ ~ i  i i i c i c , ra iy  to tlie corrhtasliori t o  
t h e  o u t p u t  ( b u r n i n g  r a t e )  

Func t ion  relatriilg i n p u t  t a n g e n t i a l  v e l o c i t y  t o  t h e  combustion 
t o  t h e  o u t p u t  (burn ing  rate) 

Term used i n  Zongxt~ id ina l  analysis 

Stream f t lnc t ion  i n  t h e  ai l- laust  n o z z l e  

r dependent  kactor  i r r   he suLut ion  f o r  p r e s su re  d e f i n e d  by 
Equat-ioe 15 

Lliiaginary p a r t  of cotliplex Ldp1ai.e variable o 
2 f A r A  

C 
For  a t r a n s v e r s e  itzode i t 1  chan~ber w = ----------- +< 1 2  

0 

2 f?< L " 
C 

For  a Zongi~uct ina  1 mode i n  ci-lamber (0 = ------- 
C 9: 12  

0 

For  the nctzz-Le 

Frequency of i n p u L  s i g n a l  Lo a n o n l i n e a r  e lement  

N o n d i ~ ~ ~ e n s i  ona 1 f ceqt~errc y ~i s t . t l  i r r  rrozzle a n a i y  sis ( s e e  
Equat ion 4 4 )  

Nozzle admittance ~ o e l - f i c i e n t  ( s e e  EquaCion 381, Complex 
number R = A  I - i A  

r i 
Nozzle adioi l r di3ce r <it:$ : f  c f  ,:nt ( s e e  Equar ion 3 8 ) ,  Gotriplex 
number 6 K t i 8 

r i 
Nozzle admi t tdr rce  i o i r i i i  i ~ n t  (c:ee Equat ion 381, CompJ_ex 
number : C 1- L ti 

1 

Combined z l u z ~ L e  adm.1 td~lce  coef f i c i e n t  d e l i n e d  by Equa t ion  $0, 
Complex number E _  C i E: 

& L 

Pressure sei,isitive combustioi-i respon$e define as n(l-e-OT) 

Radial ueioci.t:y r;ex;c-ii i . i v e  c:u~rib-usti.un response defl.ned by 

Kadla.1 dFsp"?ac:emerrt . s e n s i t i v e  cnniiiration response d e f i n e d  b y  
m (I.-eu"r) 
r 



R e p o r t  20612-P2D 

1, D ,  Definition of T e r m s  ( c o n t , )  

T a n g e n t i a l  v e l o c i t y  s e n s i t i v e  combustion response  d e f i n e d  by 
I.@ (I-em'*) 

A b a r  over  a  v a r i a b l e  i n d i c a t e s  i t  i s  a mean q u a n t i t y  and does 
n o t  depend on t i m e  

A prime on a  v a r i a b l e  i n d i c a t e s  i t  i s  a p e r t u r b a t i o n  q u a n t i t y  
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R e p o r t  20672-P2D 

I, Problem (eont , ) 

E. SPECIAL OPTIONS 

The s t a b i l i t y  s o l u t i o n  of any given l i q u i d  rocket  engine must 

consider  t h e  t h r e e  main po r t ions  of t h a t  engine: (1) t h e  i n j e c t o r ,  (2 )  t he  

combustion chamber, and (3 )  t h e  exhaust nozzle .  Furthermore, o s c i l l a t o r y  

condi t ions  can e x i s t  along t h e  long i tud ina l  d i r e c t i o n  a s  w e l l  a s  t he  t r ans -  

ve r se  ( i . e . ,  t a n g e n t i a l  and r a d i a l )  d i r e c t i o n s .  It is c l e a r  t h a t  t hese  con- 

s i d e r a t i o n s  se rve  as t h e  b a s i s  f o r  bu i ld ing  t h e  computer program. 

The complete program c o n s i s t s  of n ine  sepa ra t e  subprograms which 

may be used independently o r  i n  var ious  combinations depending upon t h e  d a t a  

a v a i l a b l e  and t h e  information requi red  by t h e  designer .  Figure 16 shows t h e  

i n t e r r e l a t i o n s h i p s  of t h e  programs and t h e  op t iona l  rou te s  f o r  proceeding wi th  

t h e  ca l cu la t ion .  The ind iv idua l  programs are:  

Longitudinal  Mode Chamber Analysis ,  used t o  o b t a i n  n ,  -c 
s t a b i l i t y  mapping f o r  l ong i tud ina l  modes. 

Transverse Mode Chamber Analysis .  For s i m p l i c i t y  only t h e  
ana lys i s  i s  performed; t h e  n, T mapping is  done l a t e r  i n  
Program F. 

Nozzle Admittance. Here t h e  r e s i s t i v e  e f f e c t s  of t h e  nozzle  
a r e  ca l cu la t ed  f o r  both long i tud ina l  and t r ansve r se  modes. 

Expansion of Resul t s  from Program B by i n t e r p o l a t i o n  and 
add nonuniformity and v e l o c i t y  e f f e c t s .  

I n j e c t o r  Nonuniformity Coeff ic ien ts .  Calcu la tes  modulating 
c o e f f i c i e n t s  f o r  t h e  e f f e c t s  r e s u l t i n g  from uneven i n j e c t i o n  
d i s t r i b u t i o n  and nonl inear  combustion response. 

S t a b i l i t y  Mapping (n,  T) f o r  Transverse Modes 

Not i n  u se  

High Combustion Chamber Mach Number Analysis (not ope ra t iona l )  

Nonlinear Combustion Response. Input  t o  Program E. 

In j ec t ed  Mass D i s t r i b u t i o n  Ef fec t s  
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Report 20672-P2D 

I, E, S p e c i a l  O ~ t i o n s  ( c o n t , )  

To assure that t h e  p roper  subprograms are requested i t  i s  neees- 

s a r y  t o  i n t r o d u c e  a r e g u l a t o r y  d e v i c e  t h a t  moni tors  the  course  of t h e  e n t i r e  

program as i t  proceeds  from one p o r t i o n  of t h e  eng ine  t o  ano ther .  T h i s  

r e g u l a t o r y  d e v i c e  is  c a l l e d  MAIN CONTROL and s e r v e s  t o  d i r e c t  t h e  f low of 

t h e  s o l u t i o n  i n  a c o n s i s t e n t  manner. F i g u r e  1 6  i l l u s t r a t e s  t h e  b a s i c  frame- 

work of t h e  computer program. The diamond-shaped symbols can b e  cons idered  

as s w i t c h e s  t h a t  a r e  t u r n e d  on i f  t h e  p a r t i c u l a r  i t e m  is  t o  b e  analyzed by 

t h e  program o r  t u r n e d  o f f  i f  t h e  i t e m  i s  n o t  needed. It i s  t h e  f u n c t i o n  o f  

MAIN CONTROL t o  t u r n  t h e s e  swi tches  on o r  o f f  accord ing  t o  t h e  d i c t a t e s  of 

t h e  problem. 

It can b e  s e e n  i n  F i g u r e  1 7  t h a t  t h e  program is  d i v i d e d  i n t o  

3 p a r t s :  (1 )  l o n g i t u d i n a l  modes, (2 )  t r a n s v e r s e  modes, and (3) exhaus t  n o z z l e .  

The exhaust  n o z z l e  p o r t i o n  h a s  been c a r r i e d  over  from t h e  program's e a r l y  

development when n o z z l e  p a r a m e t r i c  s t u d i e s  were conducted.  

The v e r s a t i l i t y  of t h e  program i s  i l l u s t r a t e d  i n  F igure  1 6  by t h e  

v a r i o u s  flow-paths t h a t  can b e  c o n s t r u c t e d .  For example, i f  t h e  r e q u i r e d  

i n j e c t o r  and n o z z l e  d a t a  were known beforehand,  one could  determine t h e  

t r a n s v e r s e  s t a b i l i t y  of t h e  eng ine  by merely  running t h e  combustion chamber 

program. I f ,  on t h e  o t h e r  hand, a l l  t h e  d a t a  were  unknown, p roper  u s e  of 

MAIN CONTROL would i n i t i a t e  t h e  i n j e c t o r ,  n o z z l e ,  and chamber programs. There- 

f o r e ,  t h e  program i s  as s u i t a b l e  f o r  p a r a m e t r i c  s t u d i e s  as i t  is f o r  a n a l y s i s  

of s p e c i f i c  d e s i g n s .  

It can  b e  s e e n  t h a t  t h e  t r a n s v e r s e  p o r t i o n  of t h e  program i s  more 

d e t a i l e d  t h a n  t h e  l o n g i t u d i n a l  p o r t i o n .  The i n j e c t o r  r e q u i r e s  programs, J ,  

I, and E t o  e v a l u a t e  t h e  i n j e c t o r  pa ramete rs  t h a t  a f f e c t  s t a b i l i t y .  The 

chamber a n a l y s i s  r e q u i r e s  B ,  D ,  and F. It shou ld  b e  no ted  t h a t  program D i s  

more of a convenience t h a n  a n e c e s s i t y  while,  program F determines  t h e  s o l u t i o n  

of n and - r e  
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Following i s  an  o u t l i n e  which w i l l  h e l p  de te rmine  which programs 

a r e  t o  be  run  when e v a l u a t i n g  a n  e n g i n e  d e s i g n ,  

I. L o n g i t u d i n a l  Modes 

A , *  Is t h e  n o z z l e  admi t t ance  c o e f f i c i e n t  (aN) known? 

1. YES: I n p u t  t h i s  datum 
2. NO: R u n P r o g r a m C  

B. Run Program A  

11. Transverse  Modes 

A * *  Are t h e  n o z z l e  admi t t ances  ( A ,  73, C )  known? 

1. YES: I n p u t  t h e  d a t a  
2.  NO: R u n P r o g r a m C  

B.* Are t h e  i n j e c t o r  non-uniformity c o e f f i c i e n t s  (A B Cvn)** v n 9  vn9  
known? 

1. YES: I n p u t  t h e  d a t a  
2.  NO: Run Program E 

a ,  Is t h e  mass d i s t r i b u t i o n  ( u )  around t h e  f a c e  known? 

(1) YES: I n p u t  t h e  d a t a  
(2 )  NO: Run Program J (Usual Case) 

b.* Is t h e  combustion response  l i n e a r  [FLe9 FR9 FT = I ] ?  

(1)  YES: DO NOT RUN PROGRAM I (Usual Case) 
( 2 )  NO: RUN Program I 

C.  Do you want more t h a n  LO p o i n t s  on t h e  s t a b i l i t y  p l a n e ?  

1. YES: Run Program D (RECOMMCNDED) 
2 ,  NO: Do n o t  r u n  Program D 

*Changes w i t h  mode (erne,, f i rs t  tangential, second radial, ete,) 
**If the  i n j e c t o r  has a uniform ~ n j e e c i o n  p r o f i l e ,  A = B = C = L , O ,  

\J rl V v rl 
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1, E, S p e c i a l  Opt ions  (cant . )  

D. Do you want n ,  T ~ o i n t s ?  

1. YES: Run Program F 
2 .  NO: Do no t  run Program F 

I f  t h e  i n s t r u c t i o n  given i s  t o  " input  t h e  data" ,  t h e  proper L-numbers can 
be obtained from t h e  s e c t i o n  on input  da t a .  
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I n  a d d i t i o n  t o  e v a l u a t i n g  s p e c i f i c  d e s i g n s  p a r a m e t r i c  su rveys  

can b e  r u n  t o  e v a l u a t e  t h e  e f f e c t  of p a r t i c u l a r  p o r t i o n s  of t h e  program, 

The fo l lowing  o u t l i n e  may be  h e l p f u l  f o r  t h i s  purpose:  

I. NOZZLE EFFECTS: Run Program G 

II. VARIATION OF NON-UNIFOWITY COEFFICIENTS WITH RESPECT TO: 

a. Mass D i s t r i b u t i o n  

(I) Inpu t  t h e  d a t a  (u) t o  Program E 
(2) Run Programs J and E 

b e  Nonl inear  colnbustion response  

(1) I n p u t  t h e  d a t a  (Pp, FR, ET) t o  Program E 
( 2 )  Run Programs I and E 

c ,  Both mass d i s t r i b u t i o n  and n o n l i n e a r  colnbustion response  

(1)  I n p u t  t h e  d a t a  Fp, FR, FT) t o  Prograq  E 
(2)  Run Programs E, I ,  and S as needed, 

111. V a r i a t i o n  of t h e  s c a b i l i t y  zones w i t h  r e s p e c t  to :  

a .  Nozzle e f f e c t s  

(1) I n p u t  t h e  d a t a  ( A ,  8, c) 
( 2 )  Run Programs C and A o r  B ,  C ,  D ,  and P 

b ,  Non-uniformity c o e f f i c i e n t s  

(1) I n p u t  t h e  d a ~ a  ( A v n ,  B v n p  Cvr,) and r u n  B 
( 2 )  Run B ,  D ,  E, and F 

No f u r t h e r  e x t e n s i o n  of t h e  p d r a r n e ~ r i c  s t u d y  o u t l i n e  IS necessa ry .  Tlze 

ones  t h a t  have beer: ps-eseiattd serve as J guide to the olhers, There are 

countless other variations t h a ~  mjghzl he rc ins idered,  
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I, Problem (cont ,) 

F. NUMERICAL METHODS OF SOLUTION* 

A s  seen i n  Sect ion C t h e  nozzle  admittance c o e f f i c i e n t s  a r e  

def ined i n  terms of a  system of non-linear d i f f e r e n t i a l  equat ions which must 

be i n t e g r a t e d  from t h e  t h r o a t  t o  t h e  nozzle  entrance.  These equat ions a r e  

i n t e g r a t e d  using Adams in t eg ra t ion .  Adams i n t e g r a t i o n ,  a s  developed a t  

Aero je t ,  uses  s e v e r a l  subrout ines:  ADSET, ADINT, ADCOR, ADRES and ADPAR, 

A d e s c r i p t i o n  of Adams i n t e g r a t i o n ,  which is  reproduced from an Aerojet  

manual, follows: 

PURPOSE 

To i n t e g r a t e  a  system of N simultaneous f i r s t  o rder  d i f f e r e n t i a l  equat ions.  

RESTRICTIONS 

METHOD 

Adam's method of i n t e g r a t i o n  as descr ibed  i n  Computing Services  Report #13, 
"Adam's Method of I n t e g r a t i o n  of D i f f e r e n t i a l  Equations", by D r .  R. D.  Glauz, 
i s  used. Accurate computation of func t iona l  va lues  between i n t e g r a t i o n  s t e p s  
is  poss ib l e  us ing  p a r t i a l  s t e p  i n t e g r a t i o n .  The set of d i f f e r e n t i a l  equat ions 
must be  w r i t t e n  a s  a  system of f i r s t  o rder  equat ions i n  t h e  form: 

*Nomenclature i n  t h i s  s e c t i o n  does no t  correspond t o  t h e  r e s t  of t h e  r e p o r t .  
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USAGE 

This  s u b r o u t i n e  h a s  f i v e  s e p a r a t e  e n t r i e s :  

1. The i n i t i a l  s e t u p  of t h e  i n t e g r a t i o n  which s p e c i f i e d  number of equa- 
t i o n s  and s t o r a g e  l o c a t i o n s  is  done a t  t h e  beg inn ing  of t h e  program 
w i t h  t h e  s t a t e m e n t :  

CALL ADSET (N, F, D ,  P ,  T ,  X, H ,  E) 

w i t h  

N = number of f i r s t  o r d e r  d i f f e r e n t i a l  e q u a t i o n s  t o  b e  i n t e g r a t e d .  

F = l o c a t i o n  of i n t e g r a t e d  yl ,  y 2 ,  yn. 

dyl dy2 dyn 
D = l o c a t i o n  of d e r i v a t i v e s  - - - 

dx ' dx Qx 

P = l o c a t i o n  of i n t e r p o l a t e d  o r  p a r t i a l  s t e p  

T = temporary s t o r a g e  having 8N c e l l s  

X = independent  v a r i a b l e  

H = i n t e g r a t i o n  s t e p  ( i n i t i a l l y  s e t  a t  approximate v a l u e )  

E = l o c a t i o n  of d e s i r e d  accuracy ,  E (I) - accuracy of yl ... 
E (n)  = accuracy  of y  . I f  E (I) = 0 t h e n  program sets n 

E(1) = lom8 



I ,  P ,  Numerical Methods sf Solu t ion  (cont , )  

2. To i n t e g r a t e  forward a  s i n g l e  i n t e g r a t i o n  s t e p  use:  

CALL ADINT 

CALL ADCOR ( h  100) 

The ADINT e n t r y  w i l l  p r ed ic t  va lues  of y l ,  ..., y, a t  x+h and t h e  
ADCOR c o r r e c t s  t hese  va lues .  Af te r  t h e  CALL ADCOR statement  one 
has a v a i l a b l e  t h e  va lues  of yl, y2 ,  yn a t  t h e  new va lue  of x .  

3 .  To ob ta in  func t iona l  va lues  yl, . . . y a t  a  d i scon t inu i ty  o r  p r i n t  
n  

po in t  x use  t h e  s tatement:  
P  

CALL ADPAR (XP) 

This  w i l l  compute ylP, . . ynP and put  t h e s e  va lues  i n  t he  P(N) a r r a y .  
This  w i l l  n o t  a f f e c t  t h e  va lues  i n  I?, D ,  T. 

4 .  To r e s t a r t  t h e  i n t e g r a t i o n  such as a t  a  d i scon t inu i ty :  

CALL ADRES 

This  w i l l  z e ro  ou t  t h e  d i f f e r e n c e  t a b l e ,  compute new va lues  f o r  des i r ed  
accuracy ( e .g . ,  i f  numbers i n  E have been changed) and s e t  a  f l a g  t o  
r e s t a r t  t h e  i n t e g r a t i o n .  

The fol lowing two equat ions a r e  t h e  p r e d i c t e r  and connector equat ions 

written in terms of t h e  backward d i f f e r e n c e  opera tor  V = yn (xk) - yn (xkml): n  
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I, P ,  Numerical Methods o f  SoPuk-ion Q c o u c , )  

I n  t h e s e  e q u a t i o n s  t h e  i n t e g r a t i o n  e r r o r  is c o n t r o l l e d  by changing H ,  t h e  

i n t e g r a t i o n  s t e p  s i z e .  The t a b l e  s f  backward d i f f e r e n c e s  is  modif ied when- 

ever t h e  i n t e g r a t i o n  s t e p  i s  changed. T h i s  t a b l e  of backward d i f f e r e n c e s  i s  

a l s o  used t o  i n t e r p o l a t e  f o r  i n t e r m e d i a t e  v a l u e s  of t h e  f u n c t i o n  by u s i n g  a  

4 t h  o r d e r  i n t e r p o l a t i n g  polynomial .  

Also i n  t h e  n o z z l e  admi t t ance  c a l c u l a t i o n  a  t a b l e  o f  v e l o c i t y  

p o t e n t i a l  is  c a l c u l a t e d  by i n t e g r a t i n g  t h e  s t e a d y  s t a t e  v e l o c i t y  p r o f i l e  

(Equat ion 43) .  Simpson's one t h i r d  r u l e  is used t o  e v a l u a t e  t h i s  i n t e g r a l .  

Th i s  method approximates  t h e  c u m e  t o  be  i n t e g r a t e d  by a  p a r a b o l a .  

I n  c a l c u l a t i n g  t h e  s e n s i t i v e  t ime  l a g  T an i n v e r s e  t a n g e n t  func- 

t i o n  of a f r a c t i o n  i s  r e q u i r e d  (Eq. 4 2 ) -  The i n v e r s e  t a n g e n t  i n  t h e  computer 

l i b r a r y  p i c k s  a n  a n g l e  between p l u s  n i n e t y  degrees  and minus n i n e t y  d e g r e e s ,  

The c o r r e c t  quadran t  of  r i s  d e t e m i n e d  by t h e  s i g n s  of t h e  numerator and 

denominator of t h e  f r a c t i o n ,  Subrou t ine  QUAD c a l c u l a t e s  t h e  c o r r e c t  quadran t .  
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I, F,  Numerical Methods of S o l u t i ~ n  (cont . )  

Boole 's  I n t e g r a t i o n  

The Boole's i n t e g r a t i o n  subrout ine  f o r  eva lua t ing  a d e f i n i t e  i n t e g r a l  

i n  program A uses  two e n t r i e s :  INTGR, INTGS. This  subrout ine  uses  Boole 's  

formula and Simpson's r u l e  t o  f i nd  t h e  i n t e g r a l  of a  func t ion  between known 

l i m i t s ,  Boole's formula is  used t o  ex t r apo la t e  two Simpson's r u l e  va lues  

with M = AX and 2 AX t o  ob ta in  an answer f o r  t h e  i n t e g r a l  which is  more 

accu ra t e  than e i t h e r  of t h e  two alone.  
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B e s s e l  Func t ions  

The BESJ s u b r o u t i n e  computes t h e  J B e s s e l  f u n c t i o n  f o r  a g iven  argument 

and i n t e g e r  o r d e r  by u s i n g  t h e  r e c u r r e n c e  r e l a t i o n s h i p :  

The d e s i r e d  B e s s e l  f u n c t i o n  i s :  

where 

M i s  i n i t i a l i z e d  a t  M 
U * 

i s  t h e  g r e a t e r  of M and % where: 
0 A 

i: M-23 PNe3? FLY Ls evaluated using the r e c u r r e n c e  r e l a t i o n s h i p  
V 

above wi th  P = 0 and r '  - 19-3k3 
;?a M- 1 
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I, P, Numerical Methods of So lu t i on  (con%,) 

a and J (x) a r e  then computed 
n 

The computation i s  repeated f o r  M f 3 .  

The va lues  of J (x) f o r  M and M+3 a r e  compared: 
n 

t h i s  va lue  is  accepted a s  J ( x ) ;  i f  n o t ,  t h e  computation i s  repeated by 
n 

adding 3 t o  M and us ing  t h i s  as a new va lue  f o r  M. I f  M reaches & be fo re  

the  des i r ed  accuracy i s  obtained,  execut ion i s  terminated.  i s  def ined  a s  : 

X 
2 

= [[20 + l o x  - -31 f o r  x - < 15 

[90 + x/2] f o r  x > 15 

The BESY subrout ine  computes t h e  Y Bessel  func t ion  f o r  a given argument 

x and order  n .  The recurrence r e l a t i o n :  

is  used f o r  t h i s  eva lua t ion .  
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For x > 4 
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1, F ,  Numericah Methods of Solution ( con t , )  

4 
where t = - 

X 

For x < 4 - 

where 

and y = Euler's constant = 0.5772156649 

16 2m-1 
Y,(x) = - - 

I T X  IT 
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I, Prob Lem (con t  , ) 

H. RELATED PROJECTS 

This  program and i t s  predecessors  have been used t o  a n a l y z e  many 

eng ines  and proposed eng ines .  The p a r t s  o f  t h e  program concerned w i t h  v e l o c i t y  

e f f e c t s  and non- l inear  response  have n o t  been used s i n c e  n o t  enough i s  known 

about  e i t h e r  o f  t h e s e  e f f e c t s  t o  d e f i n e  t h e  pa ramete rs  invo lved .  These p a r t s  

o f  t h e  program a r e  i n t e n d e d  t o  b e  r e s e a r c h  t o o l s .  

The major programs on which t h i s  program h a s  been used a r e  t h e  

fo l lowing :  Gemini S t a b i l i t y  Improvement Program (AF 04(695)-517) demonstra ted 

t h e  e f f e c t  o f  nonuniform i n j e c t i o n  on combustion s t a b i l i t y .  A s e r i e s  o f  con- 

t r a c t s  (NAS8-4008, NAS8-11741, NAS8m.20672) which were  concerned w i t h  t h e  

s t a b i l i t y  c h a r a c t e r i s t i c s  of hydrogen-oxygen a t  h i g h  chamber p r e s s u r e s  (500 t o  

2500 p s i )  used t h i s  program t o  h e l p  c o r r e l a t e  s t a b i l i t y  d a t a .  The program was 

a l s o  used on Apollo (NAAL-M6J7XAA-400000A), M-1 (NAS3-2555) and T r a n s t a g e  
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11, P r o g r a d n g  

A. BLOCK DIAGPS3 

Report 20672-P2D 

COEFFICIENTS 

T R A E r n S E  MODE 
CM?BER ANALYSIS 

PIgure  18 -- Block Diagram s f  Computer Program 
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11, B, Flow Charts (cont , )  

RESTORE CHArjIBER DATA WHICH 
WAS SAVED BEFORE E m Y  TO 
INJCTR PROGRAM. 

C FROM UPPER COMMON 1 I Mom Av,, Bv,,. v,,- 

I I TO DATA BLOCK FOR "TRANS" OR "DDi)fl I 

E T  UP INF'UT DATA FOR "CCC" 

- - - - - -  

INPUT BLOCK FOR "TRANS 11 
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11, B, Flow Char t s  (con i ,  ) 

- - -  

TO INPUT BLOCK FOR flDDDt' 
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11, 8, Flow C h a r t s  ( e o n t , )  

EBmP " GrnGe; 

/ 

AMD SET SNN = 0.0 
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11, 8, Flow Charts  ( con t , )  

I:[\] t-c+y = "I<6.-lP 

EVALUATE 6 I ~ ~ G R A L S  BY SI$PSONf s 
(OR BOOLE'S) FOFMUU; 
CALCULATE FIRST-omm SOLUTION h,, hi 

IFICLW TUG TNmCT2 EFF'ECTS 

---- 

A h  



h ~ p a ~ r  L ; r C , l ? i ' E  -l'l"is 

P I ,  B, Flow Char t s  (eonc, )  

ENmY " DDB 



11, B,   low Char t s  (cant ,  

c , q r ~ t ~  = ecc 

VELOCITY POTFBTLAL 
TABU AND MACH NO. IS I N W T  TO 
ARE BOTH INPUT 

I DUMP VELOCITY POTEN- 

SOLVE EIGHT SIMLKTA~OUS 
DIFFERENTIAL EQUATIONS B Y  
A D M  METHOD (SUBROUTINE 

DO FOR EACH 
r n U E N C Y  

COMPUTE AM) STCRE NOZZLE 
ADMITTANCE COEFFICTENTS 
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Ro-pcl 6- ;tt36"" "0 

E W " i  ' TBLCAL 

FOR EACW OF KM STATIONS Z, 
CfiCULK'LIE W I U S  R ( Z )  , 
AND AREA A (Z) FRO'M INPUT 
NOZZLE GEOMETRY, 

CALCULKirE TABLE AP VS, M 
(AREA VS, MACH NO,) 
PROM ISENTROPIC PLOW 
IRELATSONS 

FOR BACK A (Z) INTERPOUTE I N  
AP, dld TABLE 'SO FIND CORRES- 
PONDING MACH. NWBER, 

CUCUJAATE VELOG l T Y  POTENTIAL, 



DETERMINE EFFECTIVE STATION, XX, 
FOR CONCENTRATED COMBUST ION 

EXPAND TABLE OF FREQUENCIES, I 
(INSERT FOUR FREQUENCIES, 
BETWEEN EACH INPUT PAIR) 

DETERMINE aNr9  aNi FOR EACH 

FREQUENCY 

FOR EACH FREQUENCY, CALCULATE 
AND PRINT U,T ,, 

Page  li33 





11, B, Flow Charts (cont , )  
R ~ p o r  t 30672 P2D 

ENTRY = PNJCTR 

Z-23.0 STORAGE FOT;. 
;;,JECTm TN.'lJT 
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ENmY " JJJ 



E L ,  B, Plow Charts (cont , )  

ENTRY " m96)rS 

Report  20672-P2D 

OF N$T INJECTOR 
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/ 360 1 
ENTRY = INJDIS \ I 

'- 9 

2 of 2 I 

( F _ I I L I V C _ J - " - _ m ) - -  - FOR TEXT EGTXTJ" 0P CCIJTTiR 
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Header 

MAIN 

SUB01 

SUB02 

sm03 

sm4 

sm5 
sm6 

sm7 
sm8 

SUB09 

Subroutine 

BLOCK DATA 

OUT AS^ (A, K) 

1 ~ 5 8  (A)  

INT~(X,Y,XT,YO) 

INTD~(X,Y,XT,YO,~) 

PAGE(LINES) 

CHAMBER 

GE~EG(W) 

TRANS(BIN, XOUT,CB,KXR) 

~?E'F(FIN,FOUT,CF,NER~W) 

QUAD( A, B, ANGLE) 

CORE(X,N, CODE) 

INJCTR 

JJJ 

INJDIS 

Main Program 14% 
142 

143 

144 

Interpola t  ion 145 
1-46 

Calls new page 147 

148 

154 
Combustion 
Parameters,HR,HI 155 

Program D 168 

Program C 171 

Conventional 
Chamb e r  118 
Longitudinal 
Modes 2-81 

n, Solution 184 

2-86 

Program J 189 
Injector  
Distr ibution 195 
Annular Chamber 201 

Integration Loop 284 

SimpEif ied Input 
Procedure 207 

2 10 

2 11 
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SUBROUTINE I N 1 4 D < X , Y , X l , Y O , D Y )  !NT4D 1 0  
I i IMENSION X ( 9 ) . Y ( 9 ) . X C ( 4 ) , Y C ( 4 )  I N T 4 D  2 0  
EQUIVALENCE ( X C ( ? ) ~ X l ) , ( X C ( 2 ) , X 2 ~ * ( X C ( J ) , X 3 ) , ( X C ( 4 ) , X 4 Y Y N T 4  3 0  

I,(YC(2),Y2),(YC(J),Y3)t(YC(4),Y4) I N T 4 D  4 0  
1 0  N A = l  

J  = 2  IMT4D 6 0  
B = X I  INT4D 7 0  

2 0  I F ( X ( J ) . N E . O . . O R . Y ( J ) . N E . O . )  GO TO ( Y 0 . 1 6 0 ) , N A  
I F ( J . G T . 2 )  GO TO 70 
YE.0. 
GO TO 1 8 0  

7 0  N B = 1  
J=.J-1 

8 0  X l . = X ( J )  
X 2 = X (  J - 1 )  
X 3 = X (  J - 2 )  
Y l = Y ( J )  
Y 2 = Y ( J - l )  
Y J = Y (  J - 2 )  
GO TO ( 1 5 0 , 1 7 0 ) .  NB 

90 I F ( X ( J ) - B ) 1 2 0 , 1 0 0 ~ 1 0 0  
1 0 0  I F ( J . L E . 2 )  G O  TO 1 3 0  
1 1 0  h A - 2  

1 2 0  J = J + 1  
GO TO 2 0  

1 3 0  DO 1 4 0  J . 1 ~ 3  
X C ( J ) = X ( J )  

1 4 0  YC( J ) = Y ( J )  
1 5 0  D = X 2 - X I  

A 1 - 8 - X I  
A2=B-X2 
X M 3 3 = ( Y 3 - Y ? ) / ( X 3 - X 2 )  
X M l % = ( Y 2 - Y l ) / ( X 2 - X 1 )  
XM2B: (XM33-XM12) /2 .0 /?  
Y O c A l * A 2 * X M 2 B - A 2 * Y l / D + A l * Y 2 / 0  
D Y = X M 2 B * ( A I + A 2 ) + X M 1 2  
G O  TO 1 9 0  

3 6 0  RIB=? 
GO TO 8 0  

1 7 0  X 4 = X (  J - 3 )  
Y4:Y(J-3)  
D=X3-X2  
A1-B-X2  
A%-9-X3  
X M 1 2 = ( Y 2 - Y l ) / ( X 2 - X 1 )  
X M 2 3 = ( Y 3 - Y 2 ) / 0  
X M 3 4 = ( Y 4 - Y 3 ) / ( X 4 - X 3 )  
A M ~ = A ~ ; ( X V I I Z - X M ~ ~ )  
AM1=A3 a (XV34-XM?:<) 
YO=(Al*A2/2.b/Us(AM2+AM1)-A2~Y?+Al*Y3)/D 
D Y = ( A Y 2 ~ ( 2 . O * A 1 + 0 2 ) + A M i * ~ 2 . O ~ A 2 + A L ~ ~ / 2 . O / D * * 2 + X ~ ~ ~  

1 8 0  RETlJliV 
END 
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3 LENGTH c****.//. 1 1 X ,  IHCHAMBER,  1 5 X ,  ? i - I~ !hCM, l :3X ,71 iCHAk l~ iE i?  , 1 5 X p 4 n i . ; h C H C i 4 ~ M  5 0 0  
%,14X,7HCHAYYiBEiia ~ ~ X P ~ H M ~ C H ~ / , ~ ~ X ~ ~ ~ ~ L E ~ \ ~ G ~ H ~ ~ ~ X . ~ ~ ~ ~ : ! I S T R I B U ~  i01:!.11X9 C';A":70 
3 6 H L E N G T I I , 1 1 % ,  ~ ~ H I ! I S T R I ~ U T I O N P ~ ~ X ~ ~ H L . E ~ I G T I ~ ~ ~ ~ ~ ~  1 2 ~ D I S T R I B U T i Q t  / CI-Jh"l80 

6 0  F O R M A T ( 6 ( 1 " X I t 1 C . 5 ) )  ~ i i e b ?  590 
C ( ~ ~ ; O E - C C ~ , E -  a*** .>iiir+ru.; .>*a* :i**~.;iiiiii; ,iiii(iii*c~rii:i 2 5 : .E ~*~ail*ii* :.ii uu*ir;:aiiii~ii ut~-;~.:r:, CHhM 6!)0 
:..r<$.>*i;si> z~t**+:-*u>.:> %a+.> >,:.+*;> >.z:,<be**~*.:::+.::.*;:: :: **Q.+JL~,.~ ... dxc:;i;*uti i i t;;r) i ic.sii+a~~:i i i  ., CHAM 610 

C CiiAPi 6 2 0  
I F  ( S L 2  ) GO TO 1 7 0  CH44: 6 3 U  

C C n  l b l  6 4 0  
S L 2  = .TRLJF. CHAM s 5 0  
110 7 3  I = 3 9 4 3 0 0  CHAM 6 6 0  

7 0  D I N P  ( 1 )  = U.0 CHAM 6 7 0  
GO TO 1 1 0  CHAM 6 8 0  

C  CHAP! 6 9 0  
C:iai;a~~au;iri~a:i.i~rltn.~ir,;:iic:ii;ii?i.~ai;~-.~iico~os:;i:-;;;i:~?i;ilan;,;;.:;i:~;a~:ua~~iiao~r?~~aaaaa CHAM 7 0 0  
C. CPAM 1 1 0  

8 0  W R I T E  ( 6 . 1 0 0 )  i l E  CHAM 7 7 0  
9 0  C A L L  E X I T  CHAP! 7 3 0  

I 0 0  FORMAT ( l H O L O X 1 7 H I N P U T  ERROR, NE : 13. 1 9 H r  HENCE T E R M I h A T I b N  ) CHAM 7 4 0  
C  CFAM 7 5 0  
~:-~?:-nu~tiuasauus~uc~i?i~~r.:~~i~.:!~uoi;i:~.:b.zi;r~uarri~i;i~ai;~::ii~uuiiauu~i~%~uaciaii~iiuanaa~:::~ CHAM 7 6 0  
~~~iii'~~~u?~ii~~-~!:-iiu~~:.iiiiii~i;i:~~r(i~i:i)aaii~:iu~ail:i~:~iii:a~r)~;:.;ia.:r:iiii;:~u(iui)(:~:iii.!iuu~~c;ri.ir CHAM 7 7 0  
C CHAM 7 8 0  

1 1 0  KER = 0 CHAM 7 9 0  
C A L L  CVCHK ( K C H K )  C H A M  8 0 0  

C CHAM 8 1 0  
DO 1 2 0  1 = 1, 1 0  CHAM 8 2 0  

1 2 0  DINP(I) = 0 . 0  C H A M  a 3 0  
C A L L  A S 1 3 8  ( D I N P ( ~ ) P  H E A D ( 1 ) j  NE ) CHAM 8 4 0  
IF ( NE . N E .  1 ) GO TO 8 0  CHAM 8 5 0  
ARUN = C4 . N E .  0 . 0  CHAM 8 6 0  
BRUN = 28  . N E .  0 . 0  CHAM 8 7 0  
CRUN = 1CC . N E .  0 . 0  CHAM 88(i 
n R U N  = C U  . N E .  0 . 0  CHAM 8 9 0  
ERUN = 7 . N E .  0 . 0  CHAM 9 0 0  
FRUN = CF . V E .  0 . 0  CHAM 9 1 0  
I R V V  = CI . N E .  0 . 0  CHAM 9 2 0  
J R V N  = C J  . N E .  0 . 0  CHAM 9 3 0  

DGRUN = G I N P ( 2 2 )  . L E .  0 . 0  CHAM 9 4 0  
1 . AXD. ( ARUN . O R .  YRUN . O R .  CRUN . CR. I R  1'. ) CHAM 9 5 0  

C CHAM 9 6 0  
C  F R I N T  NEW W A I N  CCNTROL DATA CHAM 9 7 0  
;:;:-l)aai,nuu~ucct:~aur.a;ri;~ic;~iiuir~~iiiii)~~d~ib~i~:iii(i.iii~i:(isr-4iaiiiii)aii~i*uri(iu01~(1~~ii~~~::~ CHAM 9 8 0  

C A L L  PAGE : 60 ) 

h R I T E  ( 6 ~ 1 0 )  ( D I N P ( I > .  I = l  ~ 1 0 )  
W R I T E  ( 6 . 2 0 )  D I K P ( 1 1 ) .  MAZH, D I N ? ( 1 4 ) ,  D I N ? t 1 5 ) .  D I k P ( 1 6 ) ,  S h H  

~ ~ ~ i i ~ U i i U ~ ~ U ~ * U U * ~ ~ i ~ U ~ T ~ i 3 ? 1 ~ i i i i ~ i U i i i ; i : ~ : i 2 ~ ~ ~ i : I i i ~ U ( i ~ ; : ~ i i f j ~  l i : i i i U : > ~ ? i i i i : i : i I I U ( i U U Q Q X i i C U i ~ Y i i U ( i ~  

r; ARE F R E Q U F F ! C I E S  TO HE C A L C l I L A l k D  . . .  If SO, CALC:,-ATE Ah[! P R I N T .  
~<.*U**U<>U<>*** 4b*u***,u**uibii*ui: . : ~ i i * * * *~>* * . z * * r : - ; , i > i i * *<>u*< i l t * .>~ i ; *u * *< iu * ;> * * * * * * . : $>  

I F  ( . N O T .  G R U k  ) GO TO 1 5 0  
r A i L  GENMEG ( W C ( 1 )  ) 

; F  ( BRIJY .OR.  ARIJN ) CRUN = .:HUE. 
I F  ( CRUlV ) SC = LC + 1 1 . 0  

1 3 0  J O M E G A = A B S ( E X T R A ( 2 2 ) ) + 2 2 . 0 U O l  
W P I T E  ( 6 , 3 P 1  
\ , IE ITF ( 6 , 4 0 1  ( E X T R A ( !  ) ,  ! = 2 3 3 . J O M t G A )  
WYiTE ( 5 , S O )  
k R 1 T E  : b ~ h f l ) (  b I S r i ( l ) .  L I S T M ( I ) P  ~ ! 1 S ' i i ( l + 7 1 c  D:STM( I+> 

1.. D i S T L ( I l l 4 > ,  ; ; i S i P l ( i + l 4 ) ,  I = 1 , 6  ! .  D i S T L (  i : ,  D I S T M ( 7 ) .  

CHAM 0 9 0  
C H A k i 1 0 0 0  
C H A M 1 0 1 0  
C H A M 1 0 2 0  
C H A M 1 0 3 0  
C I i I M l f l 4 0  
CHAF.11 3 5 0  
C ' i l M 1 0 6 0  
C H 4 M 1 0 7 0  
C H h M I I H b  
C H A M 1 0 9 0  
C H A M l l G O  
C H A M 1 1 1 0  
T ~ A M 1 1 2 L i  

) C H A P 4 l 1 3 0  
C I i A H 1 1 4 0  
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G O  TO 1 1 0  CH4M2810 
cr;auniin~atiac>:: s ~ n n c i i i i i i i i ~ i ) i i ~ : i . i ~ ; i ~ s i r r i i . : : . s i :  *:is:> ~ : i i i ~ i i ~ c c * . > i i i : : i ) ~ . n i i i i i ) ~ ~ ~ ~ i i . : i u i i ~ ' ~  CHAM21720 

5 3 0  I F  ( .NOT. DRllh ) GO TO 6 2 0  CHAM2839 
5 4 0  D O  5 5 ~  i = l , b  CHAY2840 

X ( ! ) = D ( i j  CdAM2850 
550  I;ONTI~Vll f  CdAM2840 
5 6 0  X ( W = E X T R A ( 1 1 )  CH.ZM2870 

EO 5 7 0  ! = 9 ,  1 0 0  CHAM2880 
5 7 0  X ( I )  = 3 ( I )  CHAM289 0  

CALL DDD ( X ( I ) s  Y ( 1 ) r  Cfi, k E 4 .  E R R  ) CHAM2300 
I F  ( ERR ) 1 1 0 , 5 8 0 , 5 8 0  CHAM2910 

5 8 0  I F  ( K E R  ) 6 1 0 ~ 5 9 0 ~ 6 1 0  CHAM2920 
5 9 0  WRITE ( 6 . 6 0 0 )  CHAM2930 
6 0 0  FORMAT ( 1 H 0 . 4 0 X p 1 8 H  ERROR PHOGRAH D ) CHAM2940 

CALL C O R E ( X ( I ) , ~ ~ O P C D )  CHAM2950 
G O  TO l i l )  CHAM2960 

6 1 0  CGNTINUE CHAM2970 
6 2 0  I F  ( . N S T .  FRU& GO TO 6 7 0  CHAM298U 

p , , ~ V c ~ ~ ~ ~ ( i ~ ~ ~ ~ ~ ~ ~ ~ . a i i ~ i i i i i t ~ i i i i i i ~ : ~ i i : i i i r r ' i i i ~ i ) ~ ~ ~ ~ ~ ~ ~ ' ~ i i ( i ~ ~ ( i ~ ~ i i : : : i i i i i i ~ b ~ i i ~ r ) i i ~ ~ ~ ~ ~ ( i ~ ~ ~  .. ~. CHAM2990 

C SET UP DATA FOR PROG F ( N ,  TAU ) CHAM3000 
Crceciiac:~~n~~:iaaciiciinrr1:~;iiii;::,c;::~1~ii?iii~?i(i(iii:(:i?iif0r)~ir.~~iiiii?~:i**4iiii~~~1~o~~.)i::) CHAM3010 

6 3 0  Y ( I  ) = E X T R A (  1 4 )  CHAr:3320 
Q ( l 0 1 )  = EXTRA(I~)/Y(I) * ? 2 . 0 / 6 . 2 8 3 1 8 3 3  CHAM3030 

6 4 0  Y ( 2 ) = E X T R A ( 1 6 )  CHAM3040 
CALL F F F  ( Y ( 3 ) t  Q(I)t CF. KEH, W C ( 1 )  ) CHAM3350 
I F  ( YER ) 6 7 0 ~ 6 5 0 * 6 7 0  CHAM3060 

6 5 0  k R I T E  ( 6 . 5 5 0 )  CHAM3070 
6 6 0  FORM4T ( 1 l i 0 . 4 0 X , l B H  EgROR PROG4AM F ) CHAM3080 

CALL C O H k ( Y ( ? ) , ? O D . C F )  CHAM3090 
6 7 0  G O  TO 1 1 0  CuAM3100 

C CHAM3110 
C  CHAM3120 
C i - i i i i ( i ~ ~ ~ ~ ~ i i ~ ~ r t ~ ~ c ( i ~ ~ i i ~ ; i i t i : ? i ~ i i i i i ; : - s ( i i i ~ ~ ; ~ ~ i r ~ i . ~ i i ~ ~ ~ : i i : ~ ~ ~ ~ ~ ~ ( i . ~ . ~ r - i i ~ ~ ~ ~ i : : ~ i ~ ~ ~ e ~ ~ e ~ ~ : - i i  CHAM3133 
C~~~.)s~i~siir:~*-:..*ane~aacii~oni,;::.~ii;iaiiii~iisii~~ii:!n!::i:~~ii;i~a~iic;cii~~~U.::.c~ii~a~ax~?r:i CHAM3140 
C e . . r s n c a n . ~ a n ~ c x ~ ~ ~ c a i r ~ a a u ~ a a . ~ ~ * ( i i j ( i ~ ~ i i i i ? : ~ . ~ ~ ? i ' ~ i i i i ~ ~ c ~ ~ ~ i r ~ ~ z i Q i ) i i ~ i i ~ ? t i i i i i i i i ~ ~ i i i ~ i i  C H i M 3 1 5 0  

END Cc(AM5160 



SIJBRO!JT I N -  C t h i ~ l F - G  ( W )  WGEN 1 0  
C WGEN 2 0  
C i i ; : ; : - ; ~ a r , s ~ u . ~ i i i i ; ~ . a s ~ : ; u ~ : : . ~ ~ . : : ~ . : : ~ i ~ . : . : ~ i i ~ i i i ~ ~ . : : i . : : : : . ~ . . ~ a s ; , ~ ~ ~ ~ ~ . > ~ * ~ . ~ i ; ~ ~ ~  j;ia;,,?q:: :: WGEN 3 0  

D I Y E N S I O N  W ( 1 )  WGEN 4 0  
C WGEN 5 0  
i L O E I G T T U D I ~ d A L  W I L L  H A V E  h E G  S:VH W H I C H  W ! L L  B E  S E T  T I )  Z E R O  8 i r O R  R t T U R W G E N  0 0  
C I F  S N H  0  L O N G I T I D U N I A L  AND GEIUEHATk  4 02 - 1 0  P E R C E N T  OF P I E  WGEN 7 0  
C ~ i ~ a s ~ a a s i i ~ i i ~ ~ i r ? ~ ~ ~ b . : i ~ ~ : i ~ ~ ~ i : - ~ i i i i ~ ~ ~ i i ~ i ~ b a i ~ ~ : : : ' i : : : . b ~ ( i ~ u ~ . i i . ~ i ~ ~ ~ ~ ~ i ; . : : : i ~ ~ ~ ~ i l ~ . - ~ $ ~  WGEN 80 

I F ( W ( 1 )  ) 4 0 . 5 0 . 1 1 1  WGEN QII 
c b .> *> * * -> u .:> .5 u * ii .* u * b .> :> ::. i> -> * ii ;> 2.5 * > .: * .> b fi <:- .> * * * :> > * 4:. 4? 4> ,; <t .::. * * .> .> .> 3 4: 2.: * ,? b * 4s * * * * * <> 3 * * :, .;> WGEN 1 0 0  
C FOR 7 4 4 b S d E R S E  G E N E R A T E  10 v a L U E S  A Q O L f V 9  S N H  4 P E a C E k T  BELOW A N D  WGEN 1 1 0  
C 13 P F 9 C F N T  A d O V t  WGEI\I 1 2 0  
C.ii ~irii(;$a >b.b .~::.%n :%ri:-+I:.* .;:i.:.: : : ' i . ~ ~ . ~ ? i i i i i ~ 1 i : i i i i u i i : ~ i i ~ ~ i i i r i i ~ i i ~ - x r 7 ( ; i : . i i ( i ~ ~ 0 ( i b ~ ~ ~ i i ~ i ~ ~ . ~ : .  WGEN 1 3 0  

10 S N H = ~ ( ~ )  W S E N  1 4 3  
2U D E L M E G = . l * S k H  WGEN 1 5 0  

W ( 3 ~ = S N d - D E L M E G  WGEN 1 6 0  
i ) E L M E G = D E C M E G / 5 . 0  WGEN 1 7 0  
W ( 3 ) = W ( , T ) + i l E L M t G  WGEN 1 8 0  
E l  3 0  :=1.13 WGEN 190 
I " (  I ) = w  ( I - ~ ~ + D ~ L K E G  WGEN 2173 

3 0  L O V T I N U E  WGEN 2 1 0  
. b.>+>.:$** ; ~a+~~+~~b~$ii::?$:~:~.~~>->~;~?:+b3bii~$z;~.:>i>.:::;i~;,.2.:>bu~$: :: > - : : u * * * , ? ; t o i ~ q * * * < > * b a  WGEN 2 7 0  

U h E G I T I V E  1 3  ' N O I C A T E S  TO P R O G R A N  T H P T  F R E O U E N C F S  A?; G E l d E R 4 T E 3  I N T E R N W G E N  2 3 0  
r 'i :i d y- * * 'j * ii * * q :r 3 3 * > u '< > 3 (: :i :> u * :> .:> ii ii ; l( > i.L * * .i :: 3 .> (i :; :> ;; b it ii * i:. .: .> (> ::. .> 3 * * * ii .:> * * * * ; * * i> (> WGEN 2 4 0  

l N ( 2 ) = - 1 0 . ~  WGEN 2 5 0  
R E T I J R N  WGEN 2 6 0  

~ ? ; ~ ~ i i ~ r ; . ~ $ ; ~ i , ~ i ~ ~ % 3 i i ~ . ~ ~ : . i ~ ~ ~ : ; ~ ? i : t : i . : : ~ ~ ~ i u i i ~ . . % : : : ~ ; ~ i i : i i ; . : i ; : . ~ i i ~ i i ~ . : i i i i i i i ; o c i t ~ r : : ( r a ~ ~ a i ~ ; : r ; : r  WGEN 7 7 0  
C I F  NEG G E N E R A T E  + CR - 1 U  P E R C E N T  0; P O S I T I V E  I N I i I A L  G U E S S  WGEN 3 8 0  
C i ~ ~ a i i . ~ c t ; b ~ i i ~ ~ i : . n b 3 ~ ) 1 r . ~ i ; ~ i ~ i b ~ l : ~ ~ ~ ~ i i ~ ! 1 - ~ ~ 4 ~ 3 i i i i i : . i i : i : : ~ ~ u ( i i i u i i i i i : . : i u ~ u ~ -  lr++(iii+~.>ii::.;: ;*/GsN 2 9 0  

4 0  SNI i= -W ( 1 )  WGEN 3 0 0  
1 . 1 ( 1 ) = 3 . 0  WGEN 3 1 0  
GO TO 213 WGEN 120 

5 0  S N H = 3 . 1 4 1 5 9 2  WGEN 3 3 0  
6 0  TO ? O  I4GEN 3 4 0  
E lv D WGEN 3 5 0  
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J - d ' U I I ? J I  u 1 m  Z L D \  . 4 X X  2: - X  - I Z M U , O I  - O X 0 2  2 3 \ -  - M M  3  
m ~ \ x m - u x c u ~ n b  L X ~  . LII\ u 4 d  1 

ill 
'n rx 

L L  
> 
ln 

- - - 
* - Y M - -  D1 . 0 0 0 0 ~ ~  a i) C 0 * z I  D U !  I  . *  U ( t .  \2. ;; 
3 - U Z Z  I I d C 1  w - 4  - .  . - i - -  - _ I  - 0  - 
*a>- - ~ u w z a ~ a a a  o ~ m a ~ o  ~ I J  
9 D ~ I I  - m a  x - ~ - - - I I ~ - u - N -  + 
3 11 0 - U  11 U  . k- Q 

I I c c b -  I I W  u w u t -  w w o w  c 
* Z J  J r , a - A +  + - + + + 3 - + - + t +  u, 

. . 
z ~ r l - - z m x  x z r z r r ~ r z r ( ~ E z ~ x x ~  G 
C E W  Z X E  n z ~ ~ c c ~ o n n n n n  c c x a n m m w  4 
C O O  - n o  O - + a O O ~ C 0 0 0  o u o o \ \ n  4 
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'.ALL  IN:^ ( Z I ~ I S T ~  L I I S T I ~ ,  Z C ,  V E N R M  
S C A L E  ! E  UEN9H 
S I F P L  = 137 . i E .  0 
I F  ( S I M P L )  GO TO 2 3 0  
I N T  = 2 
I D Z  = i U Z I 4  * 4 

C k U S T  B E  P O S I  r I V E  M ! I L T I P L F  OF F O U R .  L E S S  THAI\  1 0 1  
G O  TO 2 4 0  

r 
2 3 0  I N T  = 1 

i n 2  = - 1 u z / 2  * 2  
r 

2 4 0  I F  ( ( I D Z  .EW. 0 ) . u H .  ( I D Z  . G T .  1 0 0  ) I D '  = 8 0  - 
L 

C  I 2 Z  I S  N U M B t R  OF Z - I N C R E M E N T S .  
C 

I D Z P  = I D Z  + 1 
D Z  = Z S  / F L O A T ( 1 D Z )  

L 

Z Z ( 1 )  = 0 . 0  
U ( 1 )  = 1 . O E - 1 0  
D O ( 1 )  = 0 . 0  
r i H O ( l ) =  1 . 0  
U L O  = U L M / S O U N q  
G F i  = - 1 . 0  / ( G A Y - 1 . 0 )  
G F 2  = ( S A M - 1 . 0 )  / 2 . 0  
H H O Z E  2 ( 1 . 0  + ; F Z s Q E * d E  ) n c G F 1  
FiHOLO = R H O Z E  * V E  / L L 0  
Q B A R ( 1 )  = 0 . 0  
Z I P 3 ( 1 )  = 0 . 0  
Z I P 5 ( 1 )  = R H O L O  

C A B O V E  A R E  F I R S T  T A B U L A R  E N T R I E S .  
C 

Z  = 0 . 0  
C 

DO 2 5 0  I Z  = 2 ,  I D Z P  
Z = Z + D Z  
C A L L  I N T 4 I  ( Z O I S T ,  i ) i S T M ,  Z ,  . ! ( ! Z ) ,  D u !  I Z )  ) 

Z Z ( I Z )  = z 
u ( I Z )  = ( I (  IZ ) * S C A L E  
D U ( I Z 1  = D U ( I 7 ) " S C A L E  
U L ( I Z )  : i ! L ( I Z - 1 )  + X K + P Z * (  V ( I Z - 1 ) - U L ( 1 Z - 1 )  ) / U ! . ( I Z - 1 )  
TEMP = 1 . 0  + (;AM*( v ( I Z ) - U L ( ! Z )  ) * U ( I Z )  
R V O ( ? Z )  = ( 1 . 0  + G F 2 * U ( I Z ) * U ( I Z )  ) * * G F 1  
R Y O L C I Z )  = RHOZE.>IJE - H H O ( I Z ) * U t I Z )  ) / U L ( ! Z )  

0  Q R A R ( I Z )  = ( ( 1 . U  - G A M * U ( I Z ) * U ( I Z )  ) * H F l O ( I Z ) * D ? l ! i Z )  
1 - G A M * b ( I Z ) * R H O L ( i Z ~ ~ ~ x K * (  L l ( I Z ) - u , ( I Z )  ) i TEMP 

Z I P 3 ( I Z )  = U I I ( I Z )  + D i l ( ! Z )  
Z I P 5 ( I Z )  = R H O L ( I Z )  / i i t i O ( 1 Z )  

2 5 0  C O N T I N I I E  
Z Z f I D Z P )  = Z C  
t ;  ! i ? Z ?  ) = 
L ! U ( I P Z P )  = 0 . 0  
R H O ( I 3 Z P )  = R H O Z E  
h , i O L ( I C Z Z P )  = 0 . 0  
O i 3 4 R ( ! D Z 2 )  = 0.0 
z ! ? S ( i n Z P !  = t 1 . 0  
%!P5!1DZP) = 0 . 0  



Z L L  
0 0 0  
J J J  

- :: J  K I - -- 
a F ' X  o c ~ a  J U  - - - -  
N - I  X J 1 1 U t 3  4 3  M !? 3 
C ~ N  = a n n o  z- - - & q  - -, - -. 1 h ~ 0 c . 0 3  C L ~  

J  
u ,w 
> n O C 3 u ~ = 0  . . .  X . .  
A *  3 0 0 L  1 5 r  
< 
-in 11 ,I I, I t  II I t  I 1  
t .  

- - ir- 
a 3 0  U L Z Z Z  

Y . . . o m  J > > > >  
x c z o  . . r r , < r n r . > r )  

0 0 u  
I ,  I t  I 1  I t  C I! t i  I !  I! 

I t  I, 
+ - [ L L Y [ L  - [L -  
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Report 2M72-P%D 

V) 
LL ;- -. LL V LL c i  
fr. (2 V LJ UI U ZI 

4 
* n * * * * ( L  

'2 
- - ^ , . - - . U  

- - N N N h l N N t  
^ ^  - - - - - - Z  ...- - -  - - - - - - -  

i n ' ~  i o m  c~ar-~n~nm 
a n  a a  ~ - z s a a a w  - - - -  m m - - - - e  
L T z  ' 3 3 N N h l N L U  
'nzc V)Z  J 
3 - u XI - II 11 II +I II II a 
U W ,  ' d m  5 - - - - - , - . - -a  
I, I, *- ,I 1, r, R' Y, Q ln "2 U 

- . - - - - -  
IL L' 0 LL L' LL LL L ILL I,. b. .IN 
( i W , C  U,A Y N N N N N E  

u 

L'. 
N 
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Y ? I  = - S N H " E J / W  t 'YNN3520 
ERCON r SNHaFR H Y M N 3 5 3 8  
E I C O N  = S N H * E I  H Y M N 3 5 4 0  
GO T 3  5 5 0  H Y M N 3 5 5 0  

I' H Y M N 3 5 6 0  
5 2 0  COZE = C O S H ( 0 Z E )  H Y M N 3 5 7 0  

SOZE = S I N H t O Z E )  t !YVN3580 
GO i 3  5 4 0  hYMN35'JO 

i: H Y M N 3 6 0 0  
5 3 0  SOZE = CO';(OZE) H Y M N 3 5 1 0  

SOZE = - S I N ( 0 7 E )  H Y M N 3 6 2 0  
C  HYi4NSt;SO 

5 4 0  ERCON = S N # - E R I O M E G  HYMN364 i )  
E I C O N  = S N H * E I / O M E G  H Y M N 3 6 5 0  
Y2R : - S N H * E R / W a C O Z t  H Y M N 3 6 6 0  
Y 2 1  = - S N H * t T / W * C O Z E  - OMEG/W*SOZE H Y M N 3 6 7 0  

C  H Y M N 3 6 8 0  
5 5 0  TEMP = G A M * Z I I \ I G ( l ) - Z I N G ( 1 )  + Z I N G ( 3 )  + W * T l * 7 i N G ( 5 )  H Y M N 3 6 9 0  

Y3R 1 E R C O N + X K * T l + Z I N G ( 5 )  + E I C O N * l E r l P  H Y M N 3 1 0 0  
Y 3 1  = E I C O N * X K a T l * Z I N G ( 5 )  - ERCONnTEMP HYMN37117 
Y 6 9  = E I C O N * Z I N G ( I )  + Z I N G ( 2 )  HYMN3 : 2 5  
Y 6 1  = - E R C O N * Z I N G ( l )  HYMN37311 

C HYMN3;'4U 
C H Y M N 3 7 5 0  
~ ~ i r s ~ s c n ~ s n c t r a ~ ~ ~ s s t r n a ~ ? r . : r ~ a a ; r ~ r . * n s n ~ c ; s : r ~ r , c ~ s a t r ~ e s s i i ' i i i ~ ( i s c c ~ ~ s ~ ~ ~ ~ ~ ~ i i ~ s i i ~  H Y M N 3 7 6 0  
I: HYMN37 70 

C A L C U L A T I O N  OF F I R S T - O R D E R  S O L U T I O N . . .  

2 *.,. a z * s ~ c r i n o a  e.*err <ha:;+ s s  rii:a.> .::<:.;is {i*irlii-*ri:isff ?$c b**sir( l  r ;~ ,  s < i ? : ? , s s ~ . i i ~ r ,  f f~ssc( is r t - : : . i i  
C 
C TERMS FROM HJGV-ORDER A N A L Y S I S  ( S i i L L  I R  W-,COP 1 
P I N I T : 1 L I Z E  I N T E G R A L S ,  INTEGRANDS FOR Z=O.O 
b 

D O 5 7 3  1 = 1, 6 
A L ( 1 )  = 0 . 0  
D O  5 7 0  1 2  = 1, 1UZP 

5 7  0  G S ( I , I Z )  = 0 . 0  
n o  5 8 0  I = I ,  12 

D L D ( I )  = n . 0  
Z A P ( ] )  = n . u  
G ~ ( 1 . 1 )  = 0 . 5  

5 8 0  S L A M ( 1 )  = 0 . 0  
O L D ( 3 )  = -XK*OMEG2 
I F  ( IN .EO. ? ) SOZE = -SOZE 
NOD = 1 



T E M P  - 1 1  . ; i i k iD iO  
GI  ( 9 , '  ) = T E " P : F X ~ - : I I S S O ~ E  
G L ( 1 0 - 1 )  = IEb 'P*XK. :h*CO7E 
G ~ ( 1 1 , l )  = ~ E N P * O M ~ G ~ * S C Z E  
GL ( 1 2 ~ 1 )  = T E M P S ~ M ~ . G ~ * C O Z E  

IF ( . Y O T .  i n s i ~  ) G O  T O  565 
C A L L  1 N T 4  ( W I T ,  A V N  , L1. Ai4H ) 

CALL I T  ( l . i ; T ,  5 V i U  , W ,  R N d  ) 

C A L L  ! f < T 4  1 ' 4 1 1 ,  CVN4, W ,  CXHR ) 

C A L L  ! Y T 4  1 I b I lT ,  C v N I ,  W r  C N H I  ) 

~ Y ! H  = R L O N  a 2NH 
U N H ~  = T L O N  :; YNHR 
i ' N Q I  S TL: l lu  : I ' Id t i I  

YE z Ahi-I - C P ~ H I / ( i l ; i l ~ A ; ' l )  
Y F  = ( R N H  i CNbR ) / : & * G A M )  
H Z 2  = Y 6 R " Y E  - Y 6 I n Y F  
H21 = Y ~ R Q Y F  + Y 6 i " Y E  
HSSQ = H 2 R + t i 2 R  + ~ ~ l a h 2 I  
H A  ( H l R a t l 7 R  + H l i ~ H 2 1  / H S S O  
HP = ( ~ ~ I I H P R  - N I R . ~ H ~ I  ) / H S S O  

C A L L  I N T 4  ! WET, i R T ,  W .  CR ) 

r A L L  ! N T 4  ( W E T ,  C I T ,  W ,  C I  ) 

GO T9  ( 5 9 0 , 6 1 P , 6 3 0 ) .  !Y  
D O  6 0 0  I Z  = i. I D Z P  

ARG = O M E G * Z Z ( l Z )  
S T A B ( I Z 1  = S I N  ( A R B )  
C T A U t l Z )  = COS ( A R G )  

SIGN = -1.u 
GO TO 6 5 8  

D O  5 ? 0  IZ = ? .  I G Z P  
S T A B ( 1 Z )  = Z Z ( 1 Z )  
C T A B ( I Z )  = 1 . 0  

G L (  1.1 9 1 )  = i E E P  a ZF 
GL (1'',1.! = TEMP 
GO TO 6 5 0  

DO 6 4 0  iZ : 1, IGZP 
A H S  = C i . l t G + r Z Z (  1 Z )  
S i A 6 r I Z )  = s l ~ h ( A R 6 1  
C T h ! ? ( l Z )  = C O S H ( A R G )  

S I G L :  = l . 0  



d i O  = ( G A M s . D Q ( I Z )  - D 3 ( 1 7 )  + R H O ( I Z ) * D 2 u ( I Z )  + D 2 u ( I Z )  1 
* U ( I Z ) / R t l O ( I Z )  

V 1 1  = U(IZ)/RHO(IZ)*DROL(IZ)/RHO(IZ) 
V 1 2  = ( G A M * Q B A H ( I Z )  - Q B A R ( I 2 )  ) . ~ D U ( I Z ~  
V 1 3  = ( V 1 2  + DZU(IZ) ) / f l H O ( I Z )  
V 1 6  = O H A R ( I Z ) / R H O ( I Z )  
V 1 7  = ( G A M - 1 . 0 )  3 ( V 1 6 * V 1 6  + U ( I Z ) / R H O [ I % ) G D L I ( I Z )  ) 

via = ( ( u ( l z ) - u L ( I z ) ) x n Q ( I z )  + QRAR(IZ)*(DU(IZ)-DUL(IZ))) 
:; R H O ( 1 Z )  

V 1 Y  = ( U L ( 1 Z ) - X K - D U L ( I Z )  ) / ( U L ( I Z ) * U L ( i Z )  ) * R , d O L ( i Z )  
V 2 0  = V 1 9  + D R O L ( I Z ) / U L ( I Z )  
V 2 1  : V 1 6  - GAM-:V16 - D U ( I Z )  - D U ( I Z ) / R H O : I Z )  

V 2 2  = GAM - 1 . 0  
1 2 3  = R H O ( I Z )  + 1 . 0  
I 2 4  = R H O ( I Z )  - 1 . 0  
V 2 5  = V 2 2  <} ( Q B A H ( I Z ) * D U ( I Z )  + U ( I Z ) * D , ; ( I Z ) )  
V ? 6  = C V ( 1 Z )  a ( ' J 2 2 * O B A 2 ( I Z )  + ( G A I ~  + d 7 3 ) * D U ( I Z ) )  
V 2 7  = R H O ( I Z I , ~ V l O / T 2  

0  V28  = V%2 * (OBAR(IZ)u(QRAR(IZ)/RHO(IZ) + D U ( I Z ) )  
1 + 2 . 0 * U ( I Z ) * D O ( : Z ) !  
0 V 2 9  = H H O ( l Z ?  * ( D ~ U ( I Z ) G ( L ~ ( I Z )  - l J i ( I L ) )  
1 + O L ~ ~ I Z ~ * ~ ~ ~ U ~ I Z !  - t ) U L ( I Z ) ) )  

V 3 0  = U( I Z ) * D 2 b ( I Z )  
C  
C  T H E  F - U N C T I O N S  V3 . . .  V 2 0  ARE I N C E P E b C E N T  OF W .  H 5 b C E  WE C O U L D  
C T R A D E  CORE F O R  T I M E  BY T A K I N G  A L L  OR S O K E  OUT OF W-LOOP AS 
C SUBSC~?IPTELI i ! A H I A E L E S .  L E T  S S t E  F l R S T  X b A T  CORE WE H A V E .  
C  

A k G  = W .x V l ( 1 Z )  
C d V  = C O S C A R G )  
SWV = S I N ( A R G )  
X I l O R  - C W V * V 2 ( I Z ) / R H O ( I Z )  
X I l G I  = S W V { s V 2 (  l i ) / R H O (  I Z ) .  
Z E T A R  - C W V / V 2 ( I Z )  
Z E T A 1  - S K V / V 2 ( I Z )  
X I 1 4 R  - X I l O R - D U L ( 1 7 ,  
X I 1 4 1  = X I l O I c L l U L (  I 0  
O Z E Z  = OMEG * ( Z E - Z Z ( I Z )  ? 
GO TO ( 6 b C , 6 7 U 9 6 8 U ) ,  I M  

PO = C T A H ( I Z )  
P P O  = - O M E G O S T A B (  I Z !  
S T  = S I l v '  ( O Z E Z  ) 

G r  = c o s  ( O Z E Z  ! 
G 3  TO 6 9 0  

1, 

6 8 0  Pi1 C T A R ( I L )  
?PO = O M E G * S I A H ( I Z )  
S T  S I N H (  O Z E Z  j 

C T  = C O S H (  O Z E Z  ) - 
1311 I J K  = i! 

3 3  7 O b  J Z  IZ. I U Z P  



3 0 0 0 0 0 0 0 3 0 0 3 0 0 0 0 0 ~ 0 0 0 0 0 ~ ~ 0 ~ 3 3 0 0 0 ~ ~ 9 0 0 ~ 0 0 ~ 0 0 0 0 3 9 9 ~ 2 0 ~ 0 2 0 ~ 2 ~ 3 3 0  
a o . - t ~ m w ~ n ~ t . m u  ~ ~ ~ ~ ~ m ~ c ~ m ? r o r l r \ i r r ) w m \ ~ ~ m m ~ ~ ~ ~ ) w m ~ a ~ ~ t o  ~ . . - i ~ m v m ~ r . r n m c - ~ ~ m ~ m ~ f i  
~ N N N N N N ~ I N ~ R ~ K ) ~ ~ Y P ) M P ~ M ~ P ) - * T V O P  u w w v w m r n t n m r n ~ n f i ~ o ~ n m . o y , o ~ ~ ~ ~ . r , ~ o y , w ~ ~  r!- r- r- zr.  
m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m m ~ o m m r n m  
Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z z Z Z Z Z Z Z Z Z Z Z Z Z Z z Z Z Z Z z 2 Z z z r z z Z z Z z z z ~ z z - z  
x ~ x z T F ~ z t x T ~ ~ z z ~ S 5 x E ~ ~ E I I I ~ ~ ~ ~ z I T r x E T z z - L - I I ~ ~ ~ x z ~ ~ ~ ~ z z ~ z ~ ~ z ~ ~ ~ ~ ~  
> > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > > + > > > > > > > > > > > > > > >  
I Z ~ I S I T T S I T I T T X S I i X I I X I X I I ~ I X I I I I I X S ~ I I ~ ~ ~ S T I T . ~ T : ~ ~ ~ I I ~ I ~ ~ ~ : r ~ r  

I - - - - - - -  - * - - - -  
d r l r l d d d  - - N V N  + + + + + +  - - - 
X ' Y Y X Y X  - 3 - -  - -  

-8 -, -7 7 7 7 - 
* . - % - . - - -  N > 2 

M=l 3 - - - - - -  - > a  o n  
< 

l i m m m x a  + i i:. 

u < a < c d  ~n - I - ? M  
+ I - + + + I -  - - iu 2:: N 

A + .  -; 
(" 2 m I_ ,  v, r_, * , > * * * *  r, Y iu - - P. 

0 In -'5 L: - + 
t U d r l O  

r l  d d r l  
- 1 . 5 -  

rl Q - - a k e a  
i- ;.- z, ax 6- c2 - 

I I I I I I  
r-, N N. w I t. v ifi Q :I g :: ... LT I. '.. - l y w  :IS r ' - -  , - - - - - -  - - - - - -  ZZ - w 1 + - - - T h I \ - N  

- - t 
'+ D Y) Y :ri In 

- N - x - x -  
w + CC 3_ 3 - y " . 1 . T . -  

< r r l n ~ i i  w 
i D L D - - - -  - -- t- C - ; C h  -5 -.J - C E  ; 

V) 0  LL U  U  N 
C l C S N N N N  W  IL b- F - N t C  I -aCI 

r> 
-1 3 0 r  + + + + + +  - V)WLUU + N X -  C \ 1 0  + + Z N N 3  - : : N l : x *  

S X Y X Y L  m 3 "  * N  i, - 4 . -  > -  - 7 7 7 7 7 7  - - - - - - - - - - - -  3 -chmCj  n o ~ - - - ; - ,  + - N - In44 
- N - N - N - N - N - N  

I I a:. 2 r.d :: .- 
In . ->+  " - ~ x ; . - ^ -  

~ ~ 7 m 7 r n 7 r n 7 n 7 m - . ~  h~ w - \ - c - ~ , :  
*- -r a <  .a - q  . u  --=r - N K I I -  : t ~ -  _I.-= - - + * + ~ ~ - ~ t - r + m t a  - o o a  N 

' Q ? - U - I n - u - r E - U V  d d  d NV) r , x x - -  
- d 3 N h  1 C ) V . X  

~ ; ~ t ~ ) v ' n o n o w t ~ )  I-- i- - a  r.uluuV - = - -  =I- - 3- X G \  

- a - W - 4 - W - W - W  In t k - 0  
k N N N N N  OW 0 

O 2 N  : : X N  
Q  1 - + - + - + - + - + - * +  I t - O Z W W X  _1 1 0 -  - \ -  - - - - - -  A - >$ :: \ --x%-.* O U I -  N - -  

+ - N N m  
CC - 

T ~ V N ? N P ~ N I A N U \ N  rl N 3 U ,%.' O b 7 - - -  d d n t ; ~ ?  + -::C --.- :, 
0 r r -  . . ^ J 3  

a 3 U D ~ D Q O ~ O V ~  -r- 2, - dr(r ldrlr l  O r U I  1 - i u  ... - - N N  0 
CZI~~I-I-I-1-1 :L - N Q - - -  a i r - a a a a a u  - ~ t - s  ~ d t  

. i 3  0 h; N N N - * - : ; - : ; . / ' : . / : : -+ .  nrl N N - , X - - - C K - L U V T C J L L ~ L ~ L  - L; :I - -  - . 3 C 3 3 4 -  - ' L J J ~ . J ~ O  r -  d 4  . - - . + I  1- 
+ InIn - LUWLU+V) 11 w o o o r l r l +  --,: 0 * I >  0 2: * c 1 - u -  

11 ,I It I 1  I 1  I1 w w  4 w - + X I = - -  h n X X  
i r  - 

:> :: - > . = a y *  
- x 

X  - m  Z C K C K C I X X O  m - z - m -  . - w e *  , .: 
7 -  - - - - - W  - \ \ x  w - O h *  Q c - h : : w T w w w g  " 
- N  N N n n N 1 - c  = - - ? c r  oa -- : - ? . ~ - ~ : ; : + T ~ O  - I! t t  - Y  
7  7 7 , 7 7 z - : : d w  . 1 5  U1 t 0 - -  I, 

Y 
x 

1 1 . .  . - .  . A' 
.- x I - O I  + + - - : : m m a - - a a x x x x x x  - -  

d ?,, Y Q 0 0 + I - n  t r a c a  I I 
s - - - . / - -  - 0 4  - 3 + + , d x x a a  -I- II 

11 I t  It 11 z 3 1, 11 x 11 11 11 I 1  I 1  I1 V - 
7 V) V) v, cn 'n v, ci II II II II 1 II II II Y 1 - II 11 t 1 4  II II II 
- C S i " u w : 7 C "  i: 

oaa 
E -  (I*- QCK- - - - - - -  n l 4 d  X 

ru " 
E - L r - * - a - - 0 0  + d  - > a -  ,< - , - t 1  - - -  - r . w o \ o d m  ?.NC, > 

& . . 
O C d d  00dr lv7  d 4  U ~ T ,  d N  P 3 T P . Q  4 4 4  
d d r l - i ~ r l d - ~ a a  a a  LL - - m - - w - - - - - - - - - -  o 
a a a a - n a a a a  a n  - x x + w w ~ r ~ u w w w w c ~ w o w  a 

- - 
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I 

C 
C a a s a l r e c *  
C 
C  SET 

I F  ( KNOT ) GO TO 7 4 0  
A12  = - X I 1 6 R * Z A P ( 8 )  - X I 1 6 I * Z A P < 7 )  
A11  = X I 1 6 R * Z A P t 7 )  - X I 1 6 I * Z A P ( 8 )  + GAM*PO*V5*T1 
4 ? X  = Tl/Wa(V16aV3-V5/RHO(IZ))*PO 
T 5  = W / U L ( I Z )  a  R H O L ( I Z ) / U L ( I Z )  
1 6  = V 2 0 2 Z E T 4 1  - T5aZETAR 
T 7  = V2O*ZETAR - T 5 * Z E T A I  
1 8  = W / R H C ( I Z )  * ( R h O L ( 1 Z )  - R H O ( I Z ) * R H O L ( I Z )  ) 

T 9  = HA a  P l l I  
T I 0  = HE * P l l I  
TEMP = -GAM,W*QBAR(IZ) 
A I R  = A I R  + T E M P < . ( T 9 + P l O I )  + GAM-PO*(V IB+T2+V5)  

+ X I 2 I * P 1 1 1  + X I 4 I { ~ P P 1 1 1  
A 1 1  = A11  + T E M P * ( T 1 0 - P I O K )  
A2R = A2R + V 1 6 z ( T l O - P 1 O R )  
A 2 1  = ( ( V 3 8 + T 2 * V 5 ) / R H O ( I Z '  - V l b * ( V 3 " T 2 - D 3 ( 1 ? ) )  ) / N a p 0  

- V l 6 * ( T 9 + P l O I  ) 

A 4 R = A 4 R + X I l R * P O  + X I 4 I * P P l O I  + X I 2 I * P l O I  
A41  = A41  + ( X I l I - O M E G 2 * X I 5 1  )*PO - X I 3 I a P P O  - X I 4 I a P P l O R  - X 1 2 I * P 1 0 R  

~ ~ ~ a ~ ~ ~ ~ ~ ~ ~ a ~ a ~ ~ ~ a ~ ~ a ~ a ~ a a a e . g a a ~ a t ~ ~ ~ ~ a ~ a a a a t a a a  HYMN6220 
rYMN6230  

UP INTEGRANCS t SIMPSON RULE HERE 1 HYMN6240 
DO 7 5 0  I = 1. 6  HYMN6250 

S C ( 2 a I - l . N O D )  : A L ( I ) * S T  HYMN6260 
G L t 2 * I  ,NOD) : A L ( I  ) *CT HYMN6270 
A L ( I 1  = 0 . 0  HYMN6280 
CONT INIJE HYMN6290 

HYMN6300 
GO TO ( 7 8 0 , 7 8 0 , 7 0 0 ) .  NO0 HYMN6310 

HYMN6320 
DO 7 7 0  I = 1 s  1 2  HYMN6330 

S L A M ( 1 )  = S L A M ( 1 )  + G L ( I 1 1 )  + 4 . 0 * G L ( I . 2 )  + G L ( I . 3 )  HYMN6340 
WEIGHTED SUM FOR THREE ORDINATES HYMN6350 

G L ( I v 1 )  = G L ( 1 9 3 )  hYMN6360 



/ 7 0  CONT I h I I E  k1YNld6370 
N  :J 11 = 1 H Y M N 6 3 8 0  

C  HYMNh39Li 
7 8 C  C.1'4TI NUE r Y M N 6 4 0 0  

C  HYI.?N6410 
C * ~ * a U * * a * a * * * * * u * c ; ; b  E N 9 3  P R I N C I P A L  Z-LOOP * * * * r a * * u e u * ~ ; * * * a *  H Y M N 6 4 2 0  
C  S T I L L  D O I N S  FOR I W  H Y M N 6 4 3 0  
C  H Y M N 6 4 4 0  
C ~ : ~ ~ ~ ~ ~ * ~ * * ~ ~ ~ ~ * ~ U ~ * ~ ~ * + ~ + ~ ~ ~ $ ~ : ~ ~ - * . ~ ~ ~ : ~ ~ ~ . ~ ~ + ~ ; : - ~ ~ . ; ~ ~ ~ ~ ~ ~ ~ ~ . ; ~ ~ ~ ~ ~ U ~ U ~ ~ ~ ~ : G ~ ~ U ~ + ~ ~  H Y M N 6 4 5 0  
C  c iYMN6460 
C  COMPLETE INTE( ;RATION H Y M N 6 4 7 0  

no 7 9 0  I = 1, 1 2  H Y M N 6 4 8 0  
S L A P ! ( I )  = S L A M (  I )  * L 1 2 / 3 . 0  H Y M N 6 4 9 0  

7 9 0  CON? i NlJE H Y M N 6 5 0 0  
I F  ( L I M I T  GO TO 8 0 0  i - i Y M N 6 5 1 ~  

" C A L C U L A T E  DEFECT ( C O I V T l i l i 3 U T I O N  O F  I d T E G R A i S  FWOV, Z - Z C  T!! Z:Z: ) H Y M N 6 5 2 0  
TEMP = ? . O * k * t E  H Y M N 6 5 3 U  
S L A M (  1 )  = S L A M (  1) + I E M P * P P l l I * ( ? F - 1 . 0  ) / G M k ' i 2  H Y M N 6 5 4 0  
S L A M (  2 )  = S L A M (  2 )  + T E M P a P P l I I ? } S F / O M E G  H Y M N 6 5 5 5  
SCAM( 9 )  = S L 5 M (  9 )  + T F M P * P P 1 3 I ~ ( C ~ - l . O ) / O M : S 2  H Y M N 6 5 6 0  
SL.AM(10)  = S L A M ( 1 U )  + T E M P * P P l U i * S F / O M E G  . iYF<Nb570 
S L A M ( 1 1 )  = S L A M ( 1 1 )  - T E M P * P P l O R " ( i F - 1 . 0 ! / O M t S 2  H Y M N 6 5 8 0  

1 -0.5rtW.sUE. ' (  P S I * C O Z E - C T A B (  I D Z P ) : I S F  )/!l'.'EG H Y M N 6 5 9 0  
2  + 0 . 5 + T 2 / h * U E * (  P S I * S 3 7 E - S T A B ( I C Z P ) n S F  ) * S I G N  H Y M N 6 6 0 0  

S I - A M ( 1 7 )  = S L A M ( l 2 )  - T E M P * P P l O R * S F / O M E G  H Y M N 6 6 1 0  
1 - 0 . 5 * W * U E * (  P S I * S O Z E - S i A B ( l D Z F ) * S F  ) * S i G N  H Y M N 6 6 2 0  
7 + 0 . 5 * T 2 / W * U E * (  P S I * C G Z E + C T A B ( l D Z P ) * S F  ) * O M E G G S I G N  H Y M N 6 6 3 0  

C  H Y M N 6 6 4 0  
8 0 0  G21R = A N H a S L A M ( 1 )  + B N H " S L A M ( 5 )  + C N H R * S L A k " ! 5 )  - C N H I * S L A i - < ( 7 ) H Y M N 6 7 5 0  

G 2 1 I  = A N H a S L A M ( 3 )  + B N H * S L A M ( ~ )  + C N H R * S L A P ( 7 )  + C N H I * S C A M ( 5 ) H Y i q N 6 7 6 0  
D G Z l R  = A N H * S L A M t 2 )  + R N H u S L A M ( 6 )  + C N H R " S L A l q ( 6 )  - C N H l a S L A M ( 8 ) H Y M N 6 7 7 0  
D G 2 1 1  = ANH*SI_AM( 4 )  + S i \ lH .>SLAM(Yl  + CI\!HRcSLAM t 8 )  + C N H I * S L A M ( s  ) H Y M N 6 7 8 0  

C  H Y M N 6 7 9 0  
C  THE FOLLOWING A V A I L A B L E  BY E O U I V A L E N C E . , .  HYMN68CO 
C  G20R I S  S L . A M ( 9 )  1YMN63111 
C  G Z O I  I S  SLAM (11) H Y M N 6 8 2 0  
C, DG2OR I S  SLAM ( 1 0 )  H Y V N 6 8 3 0  
b D G 2 0 I  I S  SLAM ( 1 2 )  H Y M N 6 8 4 0  
C  H Y M N 6 8 5 0  
c :  .FOR NONZERO OHEG* D I V I S I O F ;  BY OMES I S  IMPLII;IT 1': EI;CONP E I C O h .  h Y l Y N 6 8 6 0  - 
i, I A R ,  I A I r  I B R .  I E I  ARE T Y P E  R E A L .  I-IYMN6870 

TEMP = UE * W * Z I b G ( 2 )  H Y M N 6 8 8 0  
0 I A 9  = H 1 H  - OG20R - ERCON*G201 - E I C O N * G 2 4 R  H Y M N 6 8 9 0  
I + ( ( C I . : > Y i I  - C R + Y l R  ) * J  + C H * y l I  + C! -aY1R )*WPLJE H Y M N 6 9 0 0  
6 I A I  = H1 1 - C,G20I  t ERCON.>G20R - E I C O N I G ~ O I  H Y Y N 6 9 1 0  
3 - ( ( CRZ-Y11 + C I * Y l R  ),W + CR"Y1R - C T * Y l I  )*W*UE H Y M N 6 9 2 0  

TBR H%R + DG21R + ERCON.:tG21I + c I C O N * G 2 1 R  + TEMP*(  CI -W*CR ) H Y M N 6 9 3 0  
I B I  = H 2 1  + C G 2 1 1  - ERSUN*G21& + E ! C O N * G 2 1 I  - T E M P * (  CR+W*CI  ) H Y M N 6 9 4 0  

H Y M N 6 9 5 0  
d T D  = I R R * I H R  + 1 6 1 : : - l B 1  H Y P N 6 9 6 0  
YTR = ( I A R * I E $ R  + I A I * I B I  ) / H l U  H Y M N 6 9 7 0  
H T I  = ( I A I - I B R  - I A R * I @ I  ) / HT! )  t i Y M N b 9 8 0  

C H Y ! l U 6 9 9 i i  
T H T R (  I W )  = I i T R  H Y : I N 7 0 0 0  
T H T I  ( I N )  = i l T l  c;YMi\ i7010 

C HYr-1N7020 
I F  f . N O T .  CKLtJT ) G O  1 0  8 2 0  H Y M N I J 3 0  
b i i i I i E  ( 5 . 1 5 G )  +lYMNi?4U 
k 2 I T E  ( 0 , 1 6 0 )  ! , I A R ,  I A I  . I B H  . 1 0 1  , t:+COJ. E I C O N ,  H Y M N 1 0 5 0  



1 G7OR, G 2 i R ,  DG20K. DG21Hn h l P  . 12R , CH , HYMi17060 
G701,  G 2 i l ~  D G 2 0 I t  LIG2117 H I 1  s U 2 1  , C! HYiYN7S7li 

C HYMN7080 
8 2 0  CONT!YUE HYMN7090 

C  E k 2  OF W-LOOP HYMN7100 
C ~ 4 ( i ~ ( i * ~ * ( i ~ ~ a * ~ * ~ ~ ( i * ~ ~ i i ( i i i ~ : : - i i ~ ~ 1 ~ ~ : i j 3 1 ~ 4 ~ ~ ~ ~ u ~ i : . ~ i : . i ) i i i : ~ n a s r , ~ c a r , a c a a ~ ~ a ~ 4 ~ a ~ ~ . ~ . ) ( i ( i  HYMN7110 
C  HYMN7120 

KER = NW HYMN7130 
X O U T ( 9 )  = XNd HYMN7140 

C  HYMN7150 
1 F  ( HRUN ) GO TO 8 5 0  HYMN7160 

C  HYMN7170 
DO 8 3 0  1W = 1, NL, HYMN7180 

XOUT(IW+ 9 )  = btC ( I N )  HYMN7190 
X O U T ( I W + 3 9 )  = T H R ( I W )  HYMN7200 
X O U l ( I W + 6 9 )  = T H I ( 1 ~ )  HYMN7210 

8 3 0  CONTINUE HYMN7220 
GO TO ( 8 8 0 , 8 4 0 ) ,  KOUT HYMN7230 

8 4 0  IF ( CKOUT CALL PAGE ( 7 0  ) HYMN7240 
k R I T E  ( 6 ' 4 0 )  HYMN7250 
WRlTE ( 6 ~ 5 0 )  ( W C ( I ) *  T H R ( 1 ) .  T H I ( I ) ,  1 :  1, 1 HYMN7260 
GO TO 8 8 0  HYMN7270 

C  HYMN7280 
8 5 0  DO 8 6 0  I W  = 1, NW HYMN7290 

XOUT(IW+ 9 )  = WC ( I N )  HYMN7300 
XOUT( IW+39)  = T H T R ( I W )  HYMN7310 
XOUT( IW+69)  = T H T I ( I W )  HYMN7320 

8 6 0  CONTINUE HYMN7330 
GO TO ( 9 8 0 , 8 7 0 ) .  KOUT HYMN7340 

8 7 0  I F  ( CKOUT ) CALL PAGE ( 7 0  ) HYMN7350 
WRITE ( 6 . 4 0 )  HYMN73hU 
WRITE ( 6 , 6 0 )  ( W C ( I ) ,  T H R ( I ) ,  T H I ( I ) *  T H T R ( I ) r  I H T I ( I ) >  HYMN7370 

1 I = l , N W  ) HYMN7380 
C HYMN739 0  

8 8 0  I F  ( .NOT. CKOUT ) GO TO 8 9 0  HYMN7400 
GALL P4GE ( 70 1 HYMN7410 
WRITE ( 6 , 1 2 0 )  ( Z ? ( I ) ,  U ( I ) ,  D U ( I ) r  U L ( I ) t  ? H O ( ! ) ,  R H G L ( I ) ,  HYMN7420 

1 O R A R ( J ) ,  Z I P 3 ( I ) ,  Z I P S ( I ) .  I - 1. IDZP ) HYMN7430 
I F  ( .NOT. HeUN GO 1 0  8 9 0  HYMN7440 
CALL PASE ( 7 U  ) HYMN7450 
WRITE ( 6 , 1 3 0 )  HYMN7460 
WRITE ( 6 , 1 4 0 )  ( Z Z ( I ) P D ~ U ( I ) , D U L ( I ) ~ D R H C ( I ) . D R O L ( I ) I D Q ( I V ~ I  HYMN7470 

1 V Z ( I 1 ,  1 - 1 ,  I O Z P )  HYMN7480 . 
C HYMN7490 
C  HYMN75CO 
C HYMN7510 
C  N .B .  HTR, H T I  ARE F I N A L  RESULTS OF T H I S  SUaROUTINE WHtN PLACED HYMN7520 
C  I N  xOUT. HTR, H T I  INCLUDE INJECTOR EFFECTS* WHILE HR, H I  HYMN7530 
C  DO NOT. HENCE I F  SUBROUTINE DGD I S  ENTE?ED WITH HTR, HT IpHYMN7540  
C D D D  WILL  EXPAND TABLE (BY INTERPOI-ATION) 8 PRIMS, HYMN7550 
C  AND RETURN. HYMN7560 
C  HYMN7570 
C  HYMN7580 
C HYMN7530 

8 9 0  RETURN HYMN7600 
i ND HYM1'!7610 



S U B R O U T I I ~ E  D D ~ J ( D T N . I I O I J  l r C q , ? d E R , E R R )  H T N T  
C  H T N T  
C PROGRAM U C O M P U T E  H I R ~ t i T I  + I N T E R P O L A T E  4 3  P O i h ' S  H T M T  
C  2 0  S E P  6 7  M O D I F L E D  FOR T A B U L A d  1 N J E C r O R  C 9 E F r I C : E N T S  H T N T  
C  H T N T  

L O G I C A L  L O G I K , H R U N , T A B L R  H T N T  
COMMON / P 4 0 L O G /  L O G I K I 5 0 )  H T N T  
COMMON / A B C D F  / E X T N A ( 1 O U ) s  A B L O K ( 6 U O ) ,  A  v B  r s P A C E ( 3 5 5 6 ) ~  H T N T  

1 W ! T ( 1 7 ) ,  A V N ( 1 7 ) p  B V N ( I 7 ) , C V N R ( 1 7 ) *  C V N I ( 1 . ; )  Y T N T  
D I M E N S I O N  D I N ( 1 ) ~ O O U T ( 1 ) ~ A ( 1 3 3 ) ~ B ( 1 3 3 ) ~ O M E G A ( 1 ) ~ H R ( l ) ~ H l ( 1 )  H T N T  

1,H:R(30),HTI(30),HTRINT(l),HT1INT(l), U M G A ( 1 )  U T N T  
2, DOM(  3 0  1 H  T N  T  

E Q U I V A L E N C E  ( L O G I K ( ~ I , H R U N ) F ( L O G I K ( ~ ~ ) , T A B L P )  H T N T  
E Q U I V A L E N C E  ( A ( 1 ) , A N H ) , ( A ( 2 ) , B N H ) . ( A ( 3 ) . C N H R E ) 9 ( f i ( 4 ) , C N H i b l ) ,  I i T N T  

I ( A ( 5 ) , G A M M A ) , ( A ( 6 ) , X L F I N ) , ( A ( 7 ) ~ X L O N ) ~ ( A 9 W A l O O M E G P  H T N T  
~ ( A ( ~ ~ ) , H R ) , ( A ( I ~ ) , H I ) , ( B ( ~ ) , ~ N W ) ~ ( B ~ ~ O ~ ~ O M G A ~ ~ ~ ~ ( ~ ~ ~ , ~ T R ~ I ~ T ~ .  h T N T  
3 ( 9 ( 9 2 ) , H T I i N T )  , ( OMEGA, DOM ) H T N T  

C H T N T  
1 0  r O R M A T  ( 2;HO I I \ IPLlT TO PR'IGRAM D  / /  1 U X 8 H  b A H M A  = F 8 . 4 , 5 X 6 t i L R / i v  = H T N T  
, 1 F 1 2 . 8 ,  5 X 6 H L T / N  = F 1 2 . 8  ) H T N T  
2 0  F O R M A T  ( l R X 3 H A N H 1 2 X 3 H B N H 3 1 X 6 H C M H  RE 9 X 6 H C N H  I M  / /  9 X  4 F 1 5 . 7  / /  ) H T N T  
3 0  F O R M A T  ( / /  5 8 ~  I N J E C T O R  ~ I S T R I B U T I O N  COEFFICIE ' ,TS.  .. / /  H T N T  

~ ~ ~ X ~ H O M E G A  1 1 X 3 H A N H  1 2 X 3 H B N H  1 l X 6 H C N H  R E  9 X 6 H C N H  1M / /  ( Y X 5 F l 5 . ; ) ) H T N T  
4 0  F O R M A T  ( I Y C ,  1 9 X , B H O M E S A ( C ) , 9 X 3 H  H R t 1 3 X 3 H  H I  1 H T N T  
5 0  FORMAT ( 1 H 0 > 1 Y X P  8 H O M E G A ( C ) t 9 X 3 H H T R  1 S X 3 Y H T I  H T N T  
6 0  F O R M A T ( 1 Y  , 1 0 X r 3 F 1 6 . 6 )  H T N T  
7 0  F O R M A T  ( 1 H O  , 2 U H  PROGRAM D O U T P U T  / /  1 9 X , G H O Y E G A ( C )  9 X  H T N T  

1 6 H  H T R  , 1 0 X 7 6 H  H T I  / /  ) F T N T  
8 0  F O R M 4 T  ( 9 1 4 O A L L  V A L U E S  OF H T H  A R E  N E S A I T V E -  ( I . E .  OUT OF R A N G E  O F H T N T  

I i N T E R E S i -  v J I L L  PROCEELI  T O  N E X T  C A S E ) )  H T N T  
9 0  F O R M A T ( / / , 3 0 X r 6 9 H  F O L L O W I N G  W I L L  9 E  I N T E R P O L A T I O N  I ~ I T H I N  H T H  H T I Y T N T  

1 T A B L E  G I V E N  A B O V E  ) H T N T  
1 0 0  FORMAT ( 1 9 S s 8 H  OMEGA . 9 X h H H T R I N T , 1 0 X J 6 H H T I I ? ~ T  ) H T N T  
110 CORMAT (llY,F10.5~10XrF30.5~10XXF1U.5) Y T N T  

i: h T N T  
t Y R = O .  0 e T N T  
C = 0 .  0  H T N T  
C A L L  3 V C Y K  ( K O U O F X )  H T N T  

1 2 0  DO 1 3 0  I = 1 . 1 3 3  H T N T  
A ( I ) =  D I Y ( J )  H  T N  T  

1 3 0  h ( I ) = O . O  H T N T  
h l E R = I T I X ( S N W )  H T N T  
I F ( N E R ) 1 4 0 , 1 4 U , l t 0  H T N T  

1 4 0  h R I T E  ( 6 ~ 1 5 0 ) N E R  H T N T  
1 5 0  F O R M A T  ( l U C p 1 U X . 3 ' H  N U h t l E R  OF OMEGAS 1 b  E R R 3 R  = , :X, I4  ) H T N T  

GO T O  5 1 0  n T N T  
l h t i  I C ( h ! E i ? - ~ 3 ) 1 7 0 p 1  ; ' C ,  1 4 0  'J T  bv T  
1 7 0  O Y W  4 0 . 0  i < T N T  

I F  ( H Q U Y  ) t i 0  1 0  i s 0  r .ThjT 
! \ . I 1  = A ( 8 )  i fl.Ll1 1-I T  ;,,J T  
I F  ( kWI .c,T. 2 ! i;G 10 1 8 0  i i TIY T 
L S S I G P !  2 8 0  TO P!T t i  T U  T 
I A B L Q  : . F A L S E .  P T N T  
~ V \ i c (  = A \ I N  ( 1  N T N T  
F N n  = BVI\; ( 1 )  H T N T  



- - - - - - - L U J  - - X Y t 9 F >  - 
O +  + C C  a x  P -- I &  - . - - - \ a - o - o o  - 
N 3 3 3 I  Z Q > I 1 0 0 7 , N  - z 

LL - - O ? X M *  z 0 
U 0 - - - - I I Z + 4 4 X N  - - 0 
Z -b  1LLU - . _ I - -  - . - N  ~ ~ G X X X  onto - O C  

- r . - - W W X ? t T  - - X d  - M  9'. Q 
- I  + I \ *  If90 a L U  - r 0 
~ - C I ) C Z Z Z Z ~  11 II v-.-+- + C I ) ~ ~ M P .  
LL 2 - I  > I d  n u - - 3 n  
x 3 ~ 1  z z  - - n o c ~ o w a  z 

v o c  I I U ~ I I - -  + r > -  .z W W - G  
- M  + A - I J d  - - A  V - O I I  J + + C +  

N J J A J Z  I 1  I I C J L L - ~ V  d Z A - - Z  
I L O  0 6 a 6 U l U  0++6ClLL I t - u E U O O  
-c3 I ~ U U U U D X > ~ ~ X U  - - . U J 3 x 1 2 a  . . 

0 0 0 0 0  0 0 0. 
+ N M O L ~  0 r-. m 
N N N N N  N N N  
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o o u o  00 000 0 00 
r l C U r l W  tf.0 h m ~  u d~ 
v 7 o - r  o  w * u  Ln L n l n  
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zzzz?=z 
N N N N N  
voooc2 
Z Z Z Z L  * * * : :  

z z l l x z z  
N N N N N N  
~ 0 0 0 0 0  
L Z Z Z Z Z  

0 

z z Z Z z z z x x T x z z z z E  
N N N N N N N N N N N N N N N N  
0 0 0 0 0 0 0 0 C 0 0 0 0 0 0 0  
L Z Z Z Z Z Z Z Z Z 7 Z Z Z Z Z  

x z x  
N N N  
0 0 0 
z :I L 

t 
7 t- - 

x 
I3 .- cn 

. - 

3 N - lr, 

. . 

0 
x a - Z . . 

Y - Z 

. - 
\ 
LL V  
n - 
L; In 
3DLU 
u 3 

I\= 

. 2. 
0 
x  
z 
0 
U 

0. r( 

x z ~ z E z z x x x x  
N h N N N N N N N N N  
O O O O O O O O O C O  
Z Z L L Z Z Z Z  L Z Z '  

3 
CL W 
0 Z 
-z- 
X X N  

. . -  

X X X  

W 
2 z 
m a n  

f i n  A 0  
Q *  fad - 
J:: a 
3 9  - L T  
7 4 ;  d t  

:> J x 
ln* V ) W  
CU * 
a "  ., 
W *  YLL 
- 9  -1 
L L *  a 0  - *  o m  
c o  ~a 
o *  , * = *  

9 9 2  
0 1 - 4 ;  a z  * - *  0 0  
* Z - *  -z 
* N *  W T  
O O *  0 0  
* z  * J'U 
4 0 

J < U  
m u a  L I 
~ L L X  J ~u a - 
N J U Z ~ N Z ~ N  ~ r l ~ ~ c c n m m  
~ U F - ~ U W Z F N  u m m m u u o ~  

- >  .-, 4 
C- . A -  i: 
9 - 7 2  * 
i\ D c, - 4 
- - N O  :: 
X t - -  0 
X 6  b * 
Z Z Z Z  * a 
0 0 0 0  ;+ . * 0 
m v ~ n v ,  * I I  4 
Z Z Z Z  " i: 
UIu:LUu * * 
x  * V *  - ---  * u *  
CITIac * z *  

i: * * * * * 
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K K K = K K K N + I  N O Z M 1 1 6 0  
V O L ~ = S Q H T ( ~ J ; ! T B L (  I ) ) N O Z M l l 7 0  
L O L ? = S Q R T ( U 2 T B L ( K K K ) )  N O Z M l l B O  
?J9!TE ( 6 ~ 3 ~ O ) I , Z Z ( 2 ~ ~ 1 - 1 ) , X X ( I ) ~ V O l - 1 ~ K K K ~ Z Z ( 2 a K K - 1 X K K K V L  N O Z M 1 1 9 0  

5 1 0  C O N T I N U E  N O Z M 1 2 0 0  
2 2 0  F - O R M A T ( / / , 4 0 X ,  2 5 H V E L C C I T Y  P O T E N T I A L  TABLE , / / , 5 5 X ,  4 6 H Z  = A X l A L  P N O Z K 1 2 1 0  

1 O S I T I O N  I N  N O Z Z L E  ( I N C H E S )  , / , 3 5 X , 3 9 H x  = V E L O C I T Y  P O T E N N O Z H 1 2 2 0  
2 T l A L  ( N O N C I M E N S r O N A L )  , / , 3 5 X ,  69hV : A X I A L  V E L O C I T Y  ( U N U I M E N S l O ~ ~ A L N O Z M 1 2 3 0  
3 I Z E D  3Y SPEED P i  SOUNO AT T H R O A T )  NOZM12clO 
4  , / / ,  5X , 5 H P O I N T  . ?  1 X  , 1 H Z  t l h X , l H X  x 1 5 X  x?.HVI 1 6 X , 5 H P : ' i b ! T  ~ ? . l X ~ l H Z , l 6 X t  l H P J O Z M l 2 5 0  
5 X , ? 6 % , 1 H V , / / ,  ) N O Z M 1 2 6 0  

7 3 0  F O R M A T ( 6 X ~ I 3 , b X ~ 3 ( E 1 2 . 5 ~ 5 X ) ~ 6 X x I 3 ~ 6 X x 2 ( E 1 2 . 5 ~ 5 X ~ , E 1 2 . 5 t )  N O Z M l 2 7 0  
2 4 0  C R N T I N U E  h 0  Z  M  1 2  8  0  

i: a * s a a n t r r n * a e c a ~ ~ a i i ~ ~ a f i n . : ~ ~ > ~ i i ~ . : :  c r n a + ? t ; i a ~ s a i > i ; : i i ~ ~ ~ ~ ~ c n n . ~ ~ v . ( i ( i  N O Z M 1 2 9 0  
C  RF\!ERSE ORDER OF TAB!..E V ~ L L I E S  AND S E T  UP F S R  I N T 4 D "  N O Z M 1 3 0 0  

2 5 0  rJK = K N + ~  N O Z M l 3 l O  
X T A R L E ( N K 1  = 0 . 6  n lOZM1320 
y T A B L E ( N K :  = 0 . 0  N O Z M 1 3 3 0  
DO 2 6 0  I : I . K N  N O Z M 1 3 4 0  
N K = " l K 1  N O Z M 1 3 5 0  
X T L B L E ( 1 )  = X X ( N K )  N O Z i l 1 3 6 U  
Y T 4 B I - E (  I )  = L J ~ T ~ L  ( N K )  N O Z M 1 3 7 u  

2 6 0  CONTIh IUE r\lOZM1380 
C  N O Z M l 3 9 0  
C  a a a c a c f f n a a * + ; f f ~ ? t > < > f f ? t o c r ~ i i  N O Z M 1 4 0 0  
C HEAP ONE CASE P T  A  T I M E *  N O Z M 1 4 1 0  
c caauaf faaaa*aasaf fnaf fnat : i>*  N O Z M 1 4 2 0  

I W W  = 4 1 0  N O Z M 1 4 3 0  
I w O  I: 2  N O Z M 1 4 4 0  
NP = D I N ( 3 )  + . 0 0 0 1  N O Z M 1 4 5 0  
i r  (CODE - 9 9 . 0 )  2 9 0 ~ 2 9 0 , 2 7 0  N O Z M 1 4 6 0  

2 7 0  NPR = NP + 3  N O Z M 1 4 7 0  
NPT = 3 * NP t 4 0 9  N O Z M 1 4 8 0  
C 4 C L  PAGE ( N P R )  N O Z M 1 4 9 0  
W R I T E  ( 6 ~ 2 8 0 ) (  n I l \ ! ( l ) >  I 4 1 0 ,  lJPT ) NOZM15GO 

2811 F O R M A T ( l H n r 3 9 X n  h X . 4 H  W N ~ 1 2 X ~ 6 H ( S i J H ) ~ ! ~ l O X ~ 4 H  DES / /  K O Z M 1 5 1 0  
1 ( 4 0 X , 3 € 1 6 . 6  ) ) N O Z M 1 5 2 0  

2 9 0  C O N T I N U E  N O Z M 1 5 3 0  
3 0 0  I F  (CODE - 9 . 0 )  3 4 0 , 3 4 0 , 3 1 0  N O Z M 1 5 4 0  
? t ~ > s g a a a n a * c n a * s a c * ~ ~ r - ~ a ~ ~ ~ o i i : i * ~ ~ : i ~ > i !  N O Z Y 1 5 5 0  

C  P R I N T  HEADER AND OUTPUT SYMBOLS* h O Z M 1 5 6 0  
C n f f a a a a ~ ~ f f f f f f n ~ ~ n f f f f ~ ~ ~ ~ ~ f f ~ ~ a c i ~ c n c r + i : ~ i  N O Z M 1 5 7 0  

3 1 0  C A L L  P A G E ( 7 0 )  N O Z M l 5 8 0  
r ( P A G E - 4 8  N O Z M 1 5 9 0  
K C O U N T = O  N O Z M ~ ~ O O  
W R I T E  ( 6 , 3 2 0 )  N O Z M l 6 l O  

3 2 0  FORMAT ( I H O ,  2 0 H  PROGRAM C  OUTPU7 ) N O Z M 1 6 2 0  
W R I T E  ( 6 , 3 3 0 )  N O Z M l 6 3 O  

3 3 0  F O R Y A T ( / / ~ X ~ ~ ~ ( S K ~ ) C , ~ X ~ H W C C ~ X X ~ H M A C H  N O P ~ X , ~ H A R , ~ ~ : ~ , ~ H A I , ~ ~ X , ~ Y ~ ~ R N O Z M ~ ~ ~ O  
1 , 1 4 X ~ 2 H 3 I ~ 1 4 X ~ 2 H C R ~ 1 4 X ~ 2 H C I / 4 X 1 6 H ( S ~ H ~ k ~ 5 X 2 H ~ N t ~ ~ X ~ 1 H G ~ 6 X ~ 1 3 H ~ A R ~ ~ Y N 0 Z M 1 6 ~ ~  
2ACW NO)  , 3 X ,  1 3 H - A I / ( M A C H  N O )  r 9 X , 2 H T 1 ~ ' 1 4 X , 2 H T 2 t 8 X x l 3 3 H - C R / ( P A C H  1 ~ 0 )  ~ 3 M O Z M 1 6 6 0  
3 X r l J H - C I / ( V A C H  N O ) / / )  N O Z M 1 6 7 0  

3 4 0  C O V T I N U E  h O Z M 1 6 8 0  
2 0  6 4 0  I d  = 1 . N P  bIOZt11690 
i.i = D I N (  I N N )  N O Z M 1 7 0 0  
S = n I N ( I W W + l )  N O Z M 1 7 1 0  
G O  1 0  ( 3 5 f l P 3 5 U , 3 6 0 ) ,  I I D E S I R  N O Z M 1 7 2 0  

,350 D E S I R E  = D I N ( I W W + 2 )  N O Z l l l 7 3 O  
3 6 0  I W W  = I W W  + 3 F:OZM1710 



O O C ~ C ~ O J O D ~ ~ T O O ~ ~ D ~ O  O O J O ~ O O O ~ O O D O O O O ~ ~ ~ O O ~ ~ O ~ ~ O O O ~ ~ O O ~  o 3 z 0 3 n  
, ~ ? < r - m a ~ . i ~ f i ~ m e r a @ a d ~  ~ ~ a ~ m m ~ ~ ~ m v m ~ h r n m ~ . i ~ ~ u m \ ~ r - m @ o ~ ~ m ~ m \ ~  G Z C ~ N -  
~ r \ r - . h u ~ m o ~ m m m a w r r , m m m ~  u m ~ m ~ m o o o o c ~ a r o o d ~ . i r i r c . i . i r l d ~ ~ ~ ~ ~ n ~ ~ n  ~ h n r ? ~ ?  
d . i d d d d d  d . i d . i d r lNNNNuNNNNNNNNn lNNNNNNNNNNNNLu  N N N N N N  
~ Z ~ ~ I I x Z T x x z T ~ T T I z  Z Z r ~ ~ x T x E x z x Z Z x z E Z z I I z x x x x ~ x Z I ~ ~ ~ Z x  z x r x z z  
NNNNNNNNNNNNNNNNNN N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N k N N  NNNNNN 
O C O O O O O O O O O O O O O U O O  O o O O 0 O O O o O o O C O O O O O O L ~ O O O O U O O O O ~ o O 3  0 0 = 0 0 0  
L - E Z L Z Z L Z Z Z Z Z Z Z Z Z i  ~ Z Z ~ Z Z Z Z Z Z Z Z Z Z Z Z L L ' Z Z Z ~ Z Z L Z Z Z ~ L ~ Z Z  . Z Z Z L 7 Z  
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C Z *  0 
2:. - ,> 0 
0 " , *  u 

L CI C) 

N * d "  
- i l k -  I N 
> 2 -: ::\-:2 
T c - * \ +  
I 4 + ON", 
tu-- ' 3 i C l  
; r r . n \ +  
i'* - - -n\ 
- ; t * h ' U  
* s f 3  * - +  

L n L n - R ' d  . . M U * Q  
I1 I1 - 4  3 11 
- ->h8 I - 
r 'N I ( P u t "  - - I1 ,I ,I - 
n a  r':\iK,a 
Y > L ? 3 3 t  

Q 0 3 0 0 0 0 0 J O O O O O O O 0 0 0 0 5 0 3  
c r l N m B m a r . m m O d N m f  ! n a h m m G . - i N  
b h h ~ ~ b b ~ b r . w m m m m m m a s m m ~ m  
N N N N N N N N N N N N N N N N N N N N N N N  
I T X Z T X T T Z z T T T Z Z Z X X X X X Z T Z  
N N N N N N N N N N N h N N N N N N N N N h N  
0 0 0 0 0 0 C C O O C ~ O C C 0 0 0 0 0 3 0 0 0  
~ Z Z Z Z Z Z Z Z Z Z ~ Z Z Z Z Z Z Z Z Z Z Z  

* - : \= i  
3 3 9 : -  

h 2 4 . ;  * a * -  * n i i m  
4 co :'c J * L U I t O  * x :,: Z 
%? a r e x  
<; O ,:: , 
:> .-' * 1 * :: : u * X O Z  
0 %* Z 
:; e :A < 

0 :> :; & u <: x a :> c 
M B I  * a  - Q 3t- 2 3 - 1  
x: * :: - '7 * Z  *=', 
- * - a  * l a c .  * -- i v P .  
w h x  r i w u  t.Ic)it 1  
[ L I Z  B i l l -  Q U - ~ C  x 
-*a:> I - -  x O Q t - O U  JS. 
r l * u ~ n ~ Z Z  Ul * T U * Z  u 
, l J Q C * w r Y  Z 0 J * Y 3 2  
n * = Z * z - -  z 1 C O * - u E +  

u I n ~ s ~ x r o x ~ o n ~ u ~ ~ '  t r x a  
X O ? * X X X ?  ! u m h x ~ r a x  x 

3 , u * c * - 1  L n 1 l Z P ) * - ' & ~ J  I1 
I I X  Z Q J i x ( r ~ l L l 1  X * ( n t 4 O I l  I1 
X I ,  Z 0 6 0 ! X +  C C 2 l l C 3 4 L L J Z * X  L7 
u31 X u < :  ~ Q X 3 b - J O + 6 D - O  I I U J X  
L'LI - * O - - U l  O J  * * t- J o t $  
1 2  L L * C L * L L l & Z C ~ C O * ~ L * n ~ ~ &  
X X  - 0 3  * - - X ~ X X ~ * ~ u ~ U X X X X  

D O 4  d (nu1 0 
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D 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
i n ~ t . r n o c d ~ ~ ~ r n a b m m o 4  
O O O O O r l d ~ r l r l r l r l r l r l r l N N  
M M M r 9 M M M M M M M M M M M M M  
x x x x z x x x x x r x r x x x x  
N N N N N N N N N N N N N N N N N  
0 0 0 0 0 0 0 0 C C 0 0 0 0 0 0 0  
Z Z Z Z Z Z Z z Z Z Z z Z Z Z Z Z  

0 0 0  
N M V  
N N N  
M M M  
x r x  
N N N  
0 0 0  
Z Z Z  

c - O . c - J 1 m o m  
N N N N N N N  
E l 7 Z E E Z I I '  
N N N N N N N  
L?>GOOCO 
Z . Z < , >  z , z x  

a n 0 0  
M M M M  
z z z x  
N N N N  
0 0  0 0  

(r 
ill 
C 

[Z 
c- 
If, 

.- t* iu .n 
u i t r i i a  . <- 
u u - - . .  +- 

.z - .,'I u, ,L - T. 
\ \ lL\ ,& 2 - 
c r t c i L i . 3 -  I 
.K -, ', \ ,G :> 
U *- - I . t 
I I cr - 3 .  - c  

G.2 - I * 
11 11 1 t \ c -  

3 - x 
[ Z -  I, II - \ u  

* u *  . 
9 C -  * c.+ - -  * + l : O  + N N  
* - * + * U S  
* x  * z - - -  
* L Z o - * + +  
n u . :  i n a m .  
0 * _ I  . D O  
* w  * _ I I I V ) V I  
* C  *u(U I 1  11 * 3 * C ) L ) i > 2  
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T2 = 4 1 1 * T T  + HR3 NOZM3520 
r: NOZMJ530 

<. +! +t * :. ,, a * 2~ * +s + 7- * 4 9 + 3. +* <> <> 4:. <:. * <> :> ?: NOZM3540 
.- CASE I S  COflF'I,.ETED NOZW3550 
c + * z e a a * * u n * u . > e * n * ~ a ( i ~ t . > : i * ~ i t i )  blOZM3560 
C  NOZM3570 
C 'OR S-O ADM COEF !,RE ALPHA FOR 8 0 0 5  LONG!TL!UI'dAL NOZM3580 
C  NOZM3590 
C FO? S=V ADM COEF ARE T  FqR 9 9 3  TRANSVERSZ NOZM3600 
C NOZM3610 

I F ( S ) 5 8 5 , 5 ' 7 0 , 5 b 0  NOZM3620 
5 7 0  @O!IT( I W I l + I  =ALPH4R NOZM3630 

FSI !T(  IIY:J+103 )=ALPHA I NOZM3640 
DUUT(IWO)=W/GEO NOZM3650 
DOUT(IW0+100)=W/GEO NOZM3660 
60 TO 5 9 0  FIOZM3670 

5 8 0  CONTINUE NOZM3680 
DOUT(IW+14)=W/GEO NOZM3690 
[)OUT( l d + 4 3 )  = T l  NOZM3700 
DOIJT( 1W+7q)=T2  NOZM3710 
')OUT( I W+109)  = C H I  NOZM3720 
OOUT( I W + 1 3 9 )  = C I 1  NOZM3730 

5 9 0  1WO = I N 0 + 2  NOZM3740 
I F  ( C O D E  - 9 . 0 )  6 6 0 , 6 6 0 , 6 0 0  NOZM3750 

6 0 0  CONTINUE NOZM3760 
K K K N = ( 2 * I W ) + 1  NOZM3770 
I F ( Y O t ! E G - K K K N ) 6 S . O , 6 2 O , t ~ 2 0  NOZM3780 

6 1 0  KKKNzKKKN-1 NOZM3790 
6 7 0  KCOUNT=KCOUNT+4 NOZM38OU 

IF(KCOUNT-KfAGk!640,640,630 NOZM3810 
6 2 0  CALL P A G E ( 7 0 )  NOZM3820 

U R I T E  ( 6 , 3 3 0 )  NOZM3830 
KC0UNT:O NOZM3840 
KPAGE-48 lvOZM3850 

C  U C * * O ~ ~ C * C ~ U U Q C C C C + < S  NOZM3860 
C: P R I h T  F I N A L  RESULTS+:- NOZM3870 
C a c c s * a a * * a a a * a * * * ~ r ;  KOZM3880 

6 4 0  '!RITE ( 6 * 6 5 0 ) W C ( 1  ) ~ W C ( K K K ~ ! ) ~ D E S I ~ E ~ A R ~ ~ A I ~ I B R ~ ~ ~ I ~ ~ C H ~ ~ C ~ ~ P S ~ W ~ G ~ A N O Z M ~ ~ ~ O  
l L P h A R , A L P H A l ~ T I , T 2 t C H l R , C H I I  NOZM3900 

6 5 0  F O R M A T ( ~ ( ~ X . F ~ . ~ , ? X , F ~ . ~ , ~ Y P F ~ . ~ , ~ E ~ ~ ~ ~ / ) )  NOZK3910 
FCCPS=(WCONSTQWC(KKKN)>*~~.O NOZM3920 
k R I T E  ( 6 , 6 7 0 ) F C C P S  NOZM3930 

6 6 0  CONTINUE NOZM3940 
5 7 0  FOHMAT(4X~BHFC(CPS)=F'10.4//) biOZM3950 

r l 3 U T ( 2 0 5 ) = t i E S I R E  NOZM3960 
I F ! S )  6 9 0 , 6 0 3 , 0 9 0  NOZM3970 

6 8 0  D O V T ~ I ) = N P  NOZM3980 
DOI.IT( 1 0 1 ) = t ! P  NOZM3990 
PETURN NOZM4 0 0 0  

6 9 0  I JOUT(18)zNP NOZM4010 
30UT ( N P + 2 1 )  ~ 0 . 0  NOZM4020 
D O U T ( N P + T l ) = O . O  NOZM4030 
DOUT(NP+BI  )=O . 0  NOZM4040 
D O U T ( N P + l l l ) = D . C ,  NOZM4050 
DOLlT(NP+141 ):O. fi I'lOZM4060 
RETIJHN NOZM4070 
END NOZM4080 



d - 
0 N - 4  N  II 
dOOlI.iO3IYX 
m m m  u n a n k -  'n N 

< - 
,- - n 
t m  :r 
- - u  

- W  - 
0 .- 
0 - 0  
N N O  
- r . C \ I  

i 
mu,  4 
u iT LL 

LL LL 
n < n 

LL LL 

U N L L U  
u -  G 

m ~3 a J ~ C S , - I O  -14 
Urn - J  
mu, c\o u x u o  x i  < N Q - ~ Q - ~ - N ~ ~  U ~ R - z n  

\ x ~ ~ ~ u u ~ Y v ) N ~ u ~ ~ ~ u ~ ~ ~ I \ I ~ = I x x N  

I! M I r  
1, x - 
d U  lld 

Z X _ I  c. 

Y Z L U - N  
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T 3  = S o Q i ( L i 2 T t ~  I .I+;!) ) 
Y J K T  = XIVkT + F P P D e ( T 1 + 4 . G - T 2 + T 3 )  
K Z K + l  
X X ( K )  = - X 1 N T / H r ! T  
U T T B L ( K - 1 )  = u L l R L ( J )  

: 10 C O M T I N U c  
U Z T B L ( K )  = U Z T B C ( K N )  

C a n a U u a 3 a q u  

R E T I J R N  
END 



@ E L I  S U B 1 3 . 1 , 6 9 0 7 0 8 *  1 8 7 3 6  

E Q U I V A L E Y C E  
1 ( E X T R 4 f l l ) , G ! a M M A ) ,  ( O I N P ( l U 7 ) r  U l B A R  ) v ( F X l H A ( 2 3 ) t  W ) ,  

C. 
1 0  F O R M A T  ( 2 1 X  F 7 . 1 ,  I 1 X  F 1 0 . 5 ,  1 0 Y  F 1 0 . 5 ,  1 0 X  F 1 0 . 5 )  
2 0  FOHI4AT ( / 1 3 X  7Gh H E S i i L i C :  F L R  L O N r i i i l l D l N A ~  MOi.)E / / ; ? l X 7 H F C ( C P S )  

: ~ F ; X L S ~ O ~ E C A 1 4 X 7 t l l A U ( M S ) 1 6 X l H N  ) 

30 EI IRM4T ( / / 6 k !  l J l B A 2  = , E 1 5 . 8 , 3 X P 7 H G A M M A  = , E 1 5 . f i r 3 i , 3 H K  : . E 1 5 . 8 ,  
I Y 9 3 H Y  = , E 3 5 . 8 r . l i X C . H U L ~ \ 1  = E 1 C . 8  , 

C  
,ALL P A G F  ( 6 0 )  
i . . I N C  = 1 0  
E ? N  = 1 . i l k - 4  
( :ALL I N T 4  ( I J I S T L ( ~ ) ,  D I S T M ( l ) ,  E i C H ,  E D I S T  ) 

A  I N T G H  ( 0 . 0 ,  E L C H ,  X *  N I N C  ) 

3-1 CP:JT I  NUE 
C A L L  4 ( D I S T L ( l ) ,  I I I S T M ( 1 ) .  i , I lOFX ) 

I d l - I  I N T G ~ ( ~ ~ ~ . ~ . ~ O F X , S ~ J M M I E I N , M I N C )  
X X  = 1 . 0  - S U M M / ( E D I S T : : E L C k )  
IJLO = U L M  / SOUNI! 
!NRITE ( 6 , 3 0 ) t i 3 6 A R t  GA!"~I~,A,  ZK.  XX, U L X  
W R I T E  ( 6 . 7 0 )  
U l B A R 2 = U 1 H A R * U l B A R  
T l B A R = l . i r - . 5 * ( C ; A M M A - l . O ) * ! I l B A R 2  
C l P A R s S O R T  ( T l  FA'?) 
Z E T A l B = 1 . O / ( T 1 6 ~ R - G A M i 4 4 * U 1 N A R 2 * ~ Z K - 1 . 0 ) )  
P S T A R = 2 .  O * C l B A H / !  C ~ B A F ~ ~ : . < } ~ - ! J ~ B B ~ R ~ )  

I 

5 0  FOMFG = E X T R A ( 2 2 )  + . 3 d 1  
1J  = YOMEG-1  
K K  = 1 
I K  = S * I J  + 1 
Ti0 6 0  J = 1, I J  

OMGCKK)  = W t  J )  
D E L T  = ; ) . 2 r ( b i ( J + I ) - W ( J ) )  
KK = K K + l  
DO 6 0  1 = 1, 4 

O M G ( K K )  : O M G ( K h - 1 )  + D F L T  
K K  = K f i  + 1 

6 0  L O N T I N U E  
C M G ( K K )  = d ( N 0 Y E G )  
DO 7 0  K K  = 1, I K  

C A L L  I N 1 4  ( A M I T ( i ) ,  P f A I 1 ( 3 1 ) ,  O M G ( K K ) .  AL  ? ( K f )  ) 

LONG 
L O N ?  
L OhiG 
LONG 
ILONG 
L O N G  
LONG 
L O N G  
L O N G  
LONG 
LONG 
L O h G  
LONG 
LONG 
LONG 
L O N G  
L O N G  
LONG 
LONG 

3 L O N G  
LONG 
LONG 
LONG 
LalNG 
LONG 
LONG 
L O R G  

L O N G  

- DNG 
L O N G  
L O N G  
L O N G  
LONG 
LONG 
L O N G  
L O N G  
L O N G  
L O N G  
L O h G  
L O N G  
L O N G  
L O N G  
LOFIG 
L O h G  
C ONG 
L O h G  
L O N G  
1 OYG 
LONG 
L 2NG 
LONG 
L O N G  
L O N G  



ILONG 5 7 0  
. Oi'JG 5 8 0  
LOiJG 5 9 0  
LCPG 6 0 0  
LO:.!G 6 1  0  
LONG 6 2 0  
LONG 5 3 0  
LONG 6 4 0  
LLOPJG 6 5 0  
LONG 5 6 0  
LONG 6 7 0  
LONG 6 8 0  
LONG 6 9 0  
LONG 7 0 0  
LONG 7 1 0  
LOIUG 7 2 0  
LOhJG 7 3 0  
LONG 7 4 0  
LOF!G 7 5 0  
LONG 7 6 0  
LOYG 7 7 0  
LONG 7 8 0  
LONG 7 9 0  
LONG 8 0 0  
L O N G  e l o  
LONG 
LONG 

E I =  S 1 N T - l  LONG 
F R = I . O + C O S T l i  LONG 
F I z - S I N T H  LONG 
C A P I = ( F S / G A M M A ) ~ ( U ~ B A R ~ ~ C R - C ~ B A R - ~ D R ) - ( F I / G A M M A ) * ~ ~ J ~ B A R * C ~ - C ~ B A R * D I ) L O N G  

' + ( C * @ - U 1 B 4 R * A ) ~ ~ ( € R ~ ~ C R - E I * C 1 ) + ( C 1 B A R ~ i A - C f f D ) * ( E R * ~ R - E I f f D I )  LONG 
C A P J = ( F I / G A M M A ) ~ ( I J ~ E A R : ~ C R - C ~ B A R * D R ~ + ( F R / G A ~ ~ ~ ~ A ~ * ~ U ~ B A R * C I - C ~ B A R * O I ~ L O N G  

l + ( D * S - U l B 4 R * P  ) * ( E H - ~ C I + E I i ~ C P ) t ( C l R A R * A - C * D ) ~ : ~ ( E R * D I + E ~ * D R )  LONG 
CAPK=FR*(E*CR-C~~~R)-FI~(BECI-C*DI) LONG 
C A , P L = F I * ( P * C R - C i C R )  + F G s ( B D C I - C * D I )  LONG 
D E N M N = C A P K g C A P K + C A P L * C , i P L  LONG 
CAPM=(C4PK*CPPi+CAPL; !  APJ! /DENMN LONG 
CAPPJ- (CAPY*C&PJ-CAPL. : !C / iP  I ) /DENMI'< LOFIG 
S E = U L * G A M Y A * ( l . O + Z E T A L - Z E T A 1 B )  LOFIG 

COSOl7:1.0-CAPM/T 
SINOTl = C A P k  / T  
a Y F E L  = A T A N ( S I N O D / C O S G L )  
l r  ( S I N O D )  8 0 , i ! C , 1 1 0  

ED i F  ( C O S O D )  1 0 I l , ; 0 0 . 9 0  
" C  O M D E L = 6 . 2 8 3 1 8 5 3 + O M D E L  

Gf! T G  1 2 0  
1 0 0  O M ~ E L = 3 . 1 4 1 7 9 2 7 + n M l ~ E L  

G G  T O  120 
1 1 0  i F  ( C O S O D )  1 0 b , 1 7 O 1 i 2 U  
1 2 0  LEL TA=OYDEL/OMECA 

C N D N - D I M F N S I O N A L I Z E C  HESUL-TS 
TAUMS = D E L I A s E L C H / S O U b d 0 * 0 3 . , Z 3 3 3 3 3  
FPEO = OHECA+SGI!Yl) /ELr 1 ~ * 1 2 .  0 / 6 . 2 8 ; 5 3 . b 5 S  
N R I T E  ( 6 . 1 0 )  Fi'!:O? U I t t G A ,  TPUt4St %'v 

130 i ' C V ?  I NUE 
h F T l l R ; J  

LONG 9 7 0  
LONG 9RU 
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S L I R R S ! ~ ~ ! N E  F F F  ( F  114, FOl!T, CF z ~ q k R ,  ) NTAU 
rt,:ii.>aarnnc;sar : : s n ~ ~ ~ ~ i . s ? i : : i ~ i i a i i - ~ a : i s . ~ n ~ a ( i i i i i i t ~ ~ ~ i r ~ - ~ ~ i : ~ i a a - > - ~ ~ ~ C a i Q G ~ i o o ( i ~ a a i : ~  I\ lTAU 

DIMEMS1Oi.J F I h i ( l ) ~ F O U T ( I ) ~ A ( l Z Y ) ~ B ( 1 3 ~ ) ~ I ~ M G A ( l ) ~ ~ I ' i ( ~ ) ~ T A U ( l ) ~ O M X ( ~ ) i \ . ' T P U  
l , H T R I N T ! l ) . H T I I N T ( l )  k T A U  

G I M E N S I O N  X N N t W ( 4 1 ) , F C C P S ( 4 1 ) , W  ( 1 )  NTAU 
C O M M O P J  /ABCDF / E X T R A ( 1 0 0 ) *  A B L O Y ( 6 0 0 ) *  A  r P ,  XNNEW, FCCPS NTAU 
E O V I V A L E N C E  ( A ( ~ ) , O N W ) ~ ( A ( I O ) , O M G A ) , ( A ( S ~ ) P H T R I ' ~ ? ) ~ ( A ( ~ ~ ) , W T I I N T ) , Y T A U  

~ ( B ( ~ ) , X N W ) , ( B ( ~ ~ ) , O M X ) ~ ( B ( ~ ~ ) , T A U ) , ( B ( ~ ~ ) P X ~ ~ )  N  T  A U  
C  N T A U  
C  NTAU 

( : 0 N S T = r O i J T ( 1 0 1 )  N T A U  
X N M I N - 1 ~ 0 0 . 0  R T A U  
C A L L  P A G E ( 7 0 )  N T A U  
C 4 L L  DVCHK ( K O 0 n F Y )  N T A U  

1 0  DO 2 0  1 ~ 1 , 1 3 3  ;,I T  A  U  
~ ( 1 )  = F I Y ( I )  N T  A U  

2 0  U ( I ) = O . O  NTf iU 
N E R = I F I X ( 3 r $ W )  NTAU 
X:IW=ONW i\l T  4  U  
1 F ( C F - 9 9 . 0 ) 7 O 7 7 l 1 , 3 0  NTAU 

3 0  r A L L  PAGE ( 4 4 )  PdTAU 
I I R I T E  ( 6 . 4 0 )  NTAU 2 2 0  

4 0  FORWAT ( 1 H n s 5 0 H  PROGRCM F I N P U T  SOLVE FOR N ( u )  AND T A U ( W )  NTAU 2 3 0  
1//19X,8H(OMEGP)D,9X,6ht4TRINT,10Xr6HHTIINT) 

DO 50 I = I - 4 0  
5 0  WRITE (6760)0Mti?fI),HTHINT(1)~ H T I I N T ( i )  
6 0  F O R M A T ( 1 H  . 1 0 % , 3 F 1 6 . 6 )  
7 0  C C N T I N U E  

DO 1 7 0  I ~ 1 ~ 4 0  
X N ( I ) = ( H T R I b l \ I ? ( I ) * H T R I P i T ( I )  + HTIINT(I)~HTIIluT(i'!/(2.U*HTHII~T(!)) 
DNOM = X N ( 1 )  - H T R I N T ( 1 )  
C A L L  QUAD t D N O M . H T I I N T ! I ) . T A U ( I ) )  
T A U ( I ) = ( T A I J ( I ) * A ( 1 ) * 8 , 3 . 3 3 3 3 3 3 ) / ( A ( 2 ) * O f l G A ( ! ) )  

C  A ( l ) = L . A ( ? ) = C O  
O M X ( I ) = O M G A ( I )  
C A L L  DVZHK ( K 3 0 0 F X )  

GO TO ( 8 0 , 9 0 ) , K 0 O G F X  
8 0  N E R - 0  

GO TO 2 2 0  
YO I F ( X N ( I ) ) 1 2 0 , 1 2 0 , 1 0 0  

1 0 0  I F ( X N ( 1 ) - X N M I N )  1 1 0 , 1 2 0 ~ 1 3 0  
1 1 0  X N W I N = X N ( I )  

I M I N = I  
1 2 0  C O N T I N U E  

U O  1 3 0  1 = 1 . 1 0 0  
1 3 0  F O U T ( 1 )  = B ( 1 )  

J F  ( C F - 9 . 0  ) 1 8 0 , 1 8 0 , 1 4 0  
1 4 0  C A L L  PAGE ( 4 5 )  

k J R I T E  ( 6 , 1 5 0 )  
1 5 0  F O R M h T ( l H D . ' Z O H  p R 0 G R ~ i . 1  F  O \ I l P U T  / / 21 .X ,  IiiF;.(C'i- ) , ; 3 X , 6 H ( Q f i [ : b ) i i ,  

1 1 3 X 9 7 H T A l J ( M S )  , 1 6 X ,  1HN ) 

L O  1 6 0  i = l . q n  
F r C P S (  1 ) = C O N S T c O M X (  I ) 

1 6 0  r ' R I T E  (6,17ll)i~CPS(i),nP11(i),T4Li(l),i! i :  1 )  
1 7 0  FORMAT(21 '< . :7 .1  . 1 1 X . ' 1 0 . 5 . 1 0 X . F 1 ~ 1 . 5 . I i l X ~ F 1 0 . 5 )  

NTAU 2 4 0  
h T A U  2 5 0  
NTAU 2 6 0  
N T A U  270 
N T b U  2 8 0  
N T A U  2 9 0  
N T 4 U  3 0 0  
V T A U  3 1 0  
NTAU 3 2 0  
NTAU 3 3 0  
N T A U  3 4 0  
NTAU 3 5 0  
NTb lJ  3 6 0  
NTAU 3 7 0  
IYTAU 3 1 6  
N T A U  3 9 5  
NTAU 4 0 0  
NTAU 4 1 0  
\ ,TAU 4 2 0  
hiTAU 4 3 0  
N T A U  4 4 0  
N T A U  4 5 0  
NTAU 4 6 0  
NTAlJ 4 7 3  
?*TAU 4811 
h T A U  491, 
i l T t U  5('0 
NTAU 5 1 d  
IbTPU 5 2 0  
Fl74U 5 7 b  
I TAU 7 4 0  
h T A U  5 5 0  



2 8 0  H T I I N T ( 4 1 )  : 0 . 0  N  T  A U  
h T R ! N T ( 4 l ) = O . O  AITAU 
X N ( 4 1  ) = l l . U  NTAU 
O P X ( 4 1 ) = 9 . 0  id T P  U  
I C C P S ( 4 1 ) = 0 . 0  !:TAU 

156 F O R M A T ( ~ ~ X ~ ~ H N ~ ! N = ~ F ~ ~ . ~ ~ / ~ ~ X ~ ~ H T A ~ ~ ( M S ) = ~ F ~ U . ~ ~ ~ ~ ~ X P Y H ( O M E G A ) ~ = ~ ~ I I \ T A U  
i0.5./36XrRHFC(CPS)=,F1C.i,) NTAU 

D O  3 0 0  I = 1 , 4 0  ' i T A U  
2 0 0  C A L L  I Y T 4 n ( O M X ( ' ) , X N ( L ) . 3 N X ( I ) ~ S A V N O T ~ X N N E . ( I ) '  N T  A  U  

X N N E W ( 4 1 ) = O . O  N T A U  
C A L L  I N T ~ ( X N N E W ( ~ ) , O M A ( ~ ) , O . O , D O Y M I ~ \ ~ )  N T A U  

F C M I N = C O N S T * D O M M I N  N T A U  
L A L L  I N T ~ ( F C C P S ( I ) , H T ~ I N T ( ~ ) P F C M I ~ ~ ~ H T H ~ )  N T A U  
C A L L  INT4(FCCPS(l)~HTIINT(l)~I.CMiI\itHTIl) N T A U  
H T R M I V = ( H T R ~ * Y T ? ! + H T I ~ . H T I L ) / ( ~ . O * H T R ~ )  b T A U  
OMOM-HTSMIN-HTR1 N T A U  
C A L L  Q U A D ( D N O M , P T I I , T A U M I h )  N T A U  
TAUMIN=(TAUMIN*A(l)o83.363333)/(A(2)JDOMMIN) NT AU 
C A L L  PAGG ( 8 )  " T A U  
W R I T E  ( 0 , 2 1 0 )  h T  A U 

2 1 0  F O R M A T ( / / 2 1 X , 5 & H  1 H E  I J L L O W I N G  A R E  VAI-UES I I L T E R + ' ~ L A ~ E D  AT SL i lPE  OFIdTAU 
1 N.O.0 P I '  NTAU 

W R I T E  ( b , 1 9 0 ) H T R M I N , T A U M I h h D r ] M M I I d , F  C Y I N  NTAU 
2 2 0  RETLJRN N T A U  

END N T A U  

5 6 0  
5 7 0  
580 
59  0 
6 0 0  
61 0 
52U 
a 3 0  
640 
650 
6 6 0  
6 7 0  
680 
6 9 0  
7 0 0  
7 1 0  
7 2 0  
73C 
7 4 0  
7 5 0  
7 6 6  
7 70 
7 8 0  
7 9 0  
ROO 



SUBROiITINE GUALJ ( A . B ,  A N G L t )  
I F ( R )  10 ,5O*RO 
I F ( 4 )  2 0 ~ 3 0 . 4 0  
ROTATE = 3 . 1  4 1 5 9 7 7  
GO T O  1 1 0  
ANSLE = 4.71238112 
GO TO 1 2 3  
ROTATE = 6 . 2 8 5 1 8 5 3  
GO TO 1 1 0  
I F  ( A )  60,70,1[1 
ANGLE = 3 . 1 4 1 5 9 7 7  
GO TO 1 2 3  
ANGLE = 0 . 1  
GO 1 0  1 2 0  
I F ( A )  2 0 , ~ 0 , 1 0 0  
ANGLE = 1 , 5 7 0 7 9 6 3  
GO TO 1 2 0  
ROTATE = 0 . 0  
ANGLE = A T A N ( B / A )  + RCTATF 
RETURN 
ENE 

QUAD l i )  
QUbD 2 0  
QUAD 3 0  
QUAD 4 0  
QUAD 5 0  
QUAD 6 0  
QUbD 7 0  
QUAD 8 0  
QU4D 9 0  
QVAD 1 0 0  
QUAD 1 1 0  
QUAD 1 2 0  
OUAD 1 3 0  
QUAD 1 4 0  
QUAD 1 5 0  
OUsqD 1 6 0  
QU4D 1 7 0  
OUAD 3 8 0  
QUAD 1 9 0  
QUAD 2 0 0  
OUAD 2 1 0  
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@ ELT S U B 1 8 , 1 , 6 9 0 7 0 8 .  4 8 7 4 1  

SUBROUTINE J J J  JFCT 
C  JECT 
C *********a,* D E i K  M O D I F l t b  2 0  AUG 6 7  f f . ! , > E E l + . ! , * U Y e * Y . Z x G  . s a ~  JECT 
C JECT 

P IMENSION T H t T l ( 3 4 5 0 ) P  R I ( 3 4 5 0 ) ~  T M U I l O 0 0 )  JECT 
DIMENSION I ~ E L ~ ( ~ ~ ~ ~ ) ~ X ( ~ ~ ~ L ) ~ Y ( ~ ~ O O ) ~ ~ " T Y P E E ( ~ ~ ~ ~ ) ~ R ( ~ ~ ) J E C T  

~ , T H F T A ( ~ ~ ~ ) , A S ( ? O ) , ~ T E ~ ~ O ~ O ) , A A X ~ ~ ~ ~ O ~ ~ A A F ~ ~ O O O ~ ~ N B A ~ D ~ ~ ~ ~ ~ U ~ , Y M R ~ ~ J E C T  
7 1 0 0 O ) ~ X M U T P T ( 2 O ) ~ A X T Y ( % O 0 ~ ~ A F T Y ( 2 U ~ l ~ X X ( 1 0 0 0 ) ~ Y ~ ~ l O O O ~  JECT 

COMMON /JECTOR/ IJATA ( 9 6 0 0 )  JECT 
C ,ECT 

EQUJVALENCF ( D A T A ( 3 ) , X M ) ,  t D k 7 A ( 4 ) , X N )  JECT 
kQUIVALENCE (DATA(102,)  ,TdET! ) ,  ( D A T A ( Z 4 7 1 ) . R l ) ,  ( n A T A 3 ? 1  IMU) JcCT 
EQUIVALENCE ( N T Y P E E , D A I A ( 7 0 0 1 ) ) . ( A X T Y Y i ~ A T A ( 1 3 0 1 ) ) , ( 0 F T Y , D A T A ( 1 ~ 0 1 ) J E C T  

1 ) .  ( D A T ~ ( ~ ~ ~ ~ ) , X X ) ~ ( D ~ T A ( ~ ~ ~ ~ ) , Y Y ) . ( D A T A ( ~ ~ ~ I ) ~ X V U T ~ ~ J T )  JECT 1 7 0  
C  J E C i  I 8 0  

NERROS-0 
S E C T - D A T h ( 5 1  
W T z D A T A ( 9 5 7 3 )  
R I N J z D A T A ( 9 5 7 4 )  
XMR=DATA(9575)  
F F C z D A T A ( 9 5 7 6 )  
DFFC-DATA ( 9 5 7 7 )  
N T = D A T A ( 9 5 7 0 ) + .  0 0 0 1  
POLAR=DATA( 9 5 7 2 )  
N E = D A T A ( 9 5 7 1 ) + . 0 0 0 1  
ROX=DATA(9579)  
R O F z D A T A ( 9 5 8 0 )  
EMUMAXz5.0 
P X A D J = l .  0  
P F A D J z 1 . 0  
C D X z D A T A ( 9 5 8 5 )  
C D F z D A T A ( 9 5 8 6 1  
X F C = D A T A ( 9 5 9 1 )  
DXFC=DATA(9592)  
PFFC = D A T A ( 9 5 8 9 ) / 1 0 0 . 0  
PXFC = D A T A ( 9 5 9 0 ) / 1 0 0 . 0  
I F  (XM .EQ. 0 . 0  ) XM = 2 0 . 0  
I F  ( XN .EQ. 0 . 0  ) XN = 1 3 8 . 0  

1 0  K = 3 1 9  
T H F N L = 6 . 2 8 3 1 8 5 3 / b E C T  
I F ( D A T A ( 3 2 2 ) ) 2 0 , 3 0 , 3 0  

20  ROTATE=3.1415926 /SECT 
GO TO 4 0  

3 0  ROTATE=O.O 
40 I F ( P O L A R ) 5 0 ~ 1 8 0 . 5 0  
5 0  I F ( S E C T - 1 . 0 ) 8 0 , 8 0 , 6 0  
6 0  DO 7 0  I z 1 , N E  

KK=K+1  
~ E L E ( I ) = D A T A ( K K ) + . O O ~ ~  
X ( I ) = D A T A ( K K + J . )  
Y ( I ) = D A T A ( K K + 2 )  
N T V P E E ( I ) = D A T A ( K k + 3 ) + . 0 0 U l  
SAVE=SQRT(Y(I):4iI1+Y(!)*YII)) 
Y ( I ) = ( A T A b ( Y ( I ) / X ( I ) ) ) + H O T 4 T F  
x ( I  )=SAVE 

JECT 2 0 0  
JECT 2 1 0  
JFCT 2 2 0  

JECT 2 3 0  
JECT 2 4 0  
JECT 2 5 0  
JECT 261) 
JECT 2 7 0  
JECT 2 8 0  
JECT 2 9 0  
JECT 3 0 0  
JECT 3 1 0  
JECT 3 2 0  
JECT 3 3 0  
JECT 3 4 0  
JECT 3 5 0  
JECT 3 6 0  
JECT 3 7 0  
JECT 3 8 0  
JECT 3 9 0  
4ECT 4 0 0  
JECT 4 1 0  
JECT 4 2 0  
JECT 4 3 0  
JECT 4 4 0  
JECT 4 5 0  
JFCT 160 
JECT 4 7 0  
JECT 4 6 0  
JECT 4 9 0  
JECT 5 0 0  
JECT 5 1 0  
JECT 5 2 0  
JECT 5 3 0  
JECT 5 4 0  
JECT 5 5 0  
JECT 5 6 0  
JECT 5 7 0  
JECT 5 8 0  
JECT 5 9 0  



K = K + 4  .ECT h o b  
7 0  C O I J T I N U t  J k C T  5 1 0  

G O  TO 2 2 0  E C T  5 2 0  
8 0  DO 1 7 0  I = l , N E  .;ECT 5 3 0  

K K = K + I  J E C T  6 4 0  
N E L E ( ~ ) = D A T A ( K K ) + . O O ~ ,  .JECT 650 
X (  I ) = D A T A ( k K + l )  J E C T  6 6 0  
Y ( I  ) = D A T ~ ( I I U + S )  J E C T  6 7 0  
KTYPEE(I)=?ATA(KK+3)+.<UOl J E C T  6 8 3  
THE FOL.LOWlNG S E G M E N T  OF  C O D I N G  R E P L A C E S  S U 3 R O U T I N E  r . O V X Y  . . .  J E C T  6 9 0  

I F  ( Y ( 1 )  9 0 , 1 3 0 , 1 4 0  ~ J E C T  7 0 3  
9 0  i F  ( X ( I )  ) ; 0 0 , 1 1 0 , 1 2 0  J E C T  7 1 0  

1 0 0  R O T A T E  = 3 . 1 4 1 5 9 2 7  j E C T  7 2 0  
GO TO 1 6 0  J E C T  7 3 0  

1 1 0  X ( 1 )  = 1 . O E - 3 5  J E C T  7 4 0  
1 2 0  R O T P T E  = 6 . 2 P . 3 1 8 5 6  J E C T  7 5 0  

GO TO 1 6 0  J E C T  7611 
1 3 C  R O T A T E = U . O  J E C T  7 7 0  

GO T O  1 6 0  J E C T  7 8 0  
1 4 0  I F ( X ( 1 ) )  1 0 0 ~ 1 5 0 t 1 3 0  . IECT 7 9 0  
1 5 0  X ( I ) = l . O E - 3 5  J E C T  8 0 0  

R O T A T E  = 0 . 0  J E C T  A l ' J  
1 6 0  S A V E  = S O R T  ( X ( I ) ~ . X ( I ) + Y ( I ) * Y ( I )  J E C T  P 2 0  

S A V E = S Q H T ( X ( I  ) G . X ( I  ) + Y ( I ) ; k Y ( I ) )  J E C T  P 3 U  
Y ( I ) = ( A T A N ( Y ( I ) / X ( I ) ) ) + R O T A T E  J E C T  8 4 0  
X (  I ) = S A V E  J E C T  8 5 0  
K = K + 4  J E C T  8 6 0  

1 7 0  C O N T I N U E  J E C T  8 7 0  
G O  TO 2 2 0  J E C T  8 8 0  

1 8 0  I F ( S E C T - 1  . O ) l F 0 , 1 9 0 ~ 2 0 0  J E C T  8 9 0  
1 9 0  R O T A T E z O . 0  J E C T  9 0 0  
2 0 0  DO 2 1 0  I = 1 , N E  J E C T  9 1 0  

K K = K + l  J E C T  9 2 0  
N E L E ( I ) = D A T A ( K K ) + . O O O I  J E C T  9 3 0  
X ( I ) = D A T A ( K K + l )  J E C T  9 4 0  
Y ( I ) = ( n A T A ( K K + 2 ) ~ : : . 0 1 7 4 5 3 2 ) + R O T A T E  J E C T  9 5 0  
hTYPEE(I)=DATA(KK+3)+.0001 J f C T  9 6 0  
K = K + 4  . I F C T  5 7 0  

2 1 0  C 9 N T I V U E  ,IFCT 9 8 0  
~ ~ ~ c c c c ~ c c c c c c ~ c c c r c ~ c ~ ~ r : ~ c c c c c ~ c c c c c c ~ ~ : : c c c c c c c c c c c c c c c c c c c c . ~ ~  9 9 0  
C C 4 L C U L 4 T I N R  AREAS OF E L E M E N T S  E C  T I 0 0 0  
C C C C C T C C C C " C C U C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C ~ C C C C C C C C ~ ~ ~ C C C C C l ~ C C C C C C C C C ? C C J E C T 1 0 1 0  

2 2 0  NN.4944 J E C T 1 0 2 0  
1'0 2 9 0  I=; .NT J E C T 1 0 3 0  
K K = I \ ] N + l  J E C T 1 0 4 0  
I S T = D A T A ( K K ) + . O ? O I  i E C T 1 0 5 0  
K K l = K K + l  . J C C T 1 0 6 i l  
J J - K K l  J E C T 1 0 7 0  
N X = D A T A ( K K 1 ) + . 0 0 D 1  J E C T 1 0 8 6  
A X T Y  ( N S T  ) = S . O  J E C T 1 0 9 0  
I F ( N X ) 2 3 0 , 2 5 0 , 2 3 0  J E C T l l O O  

35fi r 4 9  74'J J X = l  ,hX ' E C T 1 1 1 0  
, # J = K K l + J X  J E C T 3  1 3 0  
, I Y T Y ( N S T ) = & X T ' ( N S T ) + (  . ! t 5 C I 8 9 1 { } ( D A T A ( J J ) . : 9 A T A t J J ) ! )  .>FCT:130 

2 4 0  ! : i lP IT IN I IE  " ;CT11-10 
2 5 0  N N I = J J + l  ~ 5 C T 1 1 5 U  

' I N = N J l  . : K C T I 1 6 0  
k F = i ? S T A ( % i l J 1  ) + .  [ I 2 0 1  J T z C T ~ I  70 
i r T " ( h S l ) = u . O  . J G C T 1 1 H O  



I F  ( N F ) 2 h 0 . 2 8 0 t r h 0  . l t C T l l Q O  
c f 0  J O  2 7 0  JF-I,NF . i~CT121) '3  

( u N = I l N l + J f  J i C T 1 2 1 0  
A F T Y ( Y S T ) = A F T Y ( h t S T ) + (  . / 6 5 5 9 8 1 3 ~ ( D A T 4 ( P d N ~ i r l l A T A ( N N )  I )  J E C T l 2 2 9  

2 7 0  CONTINIJE JECT1230  
2 8 0  COKT I NIJE dECT124U 

AXTr)T=i I .  0 JECT175O 
PTTOT=O.O J f C T L 2 6 0  
7 0  2 9 0  I = l , N E  J E C T 1 2 7 0  
N N = N T Y P E E ( I )  J E C T 1 2 8 d  
A A X ( I ) = A X T Y ( N N )  JECT1290  
AAF(  I ) = 4 F T Y  ( N N )  JECT13lrO 
AXTOT=AXTOT+AAX( I )  JECT131U 
AFTDT=AFTOT+AAF ( I  J E C T 1 3 2 0  

2 9 0  CONTINUE JECT1330  
AXTOT=AXTOT*SECT J E C T 1 3 4 0  
AFTOT=AFTOT*SECT JECT135O 

C i ? C C C C C C C C C C C - C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C ? C C C C C T C C C C C C C C C C C C J E C T 1 3 6 0  
C CALCULATIYG R A D I I  AND ANGLE BOUNIIKIES J E C T 1 3 7 0  
C C C C C C C C C C C C C C ? C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C * 2 C C C C ~ C C C C C C C C C C C C . J E C T l 3 8 0  

3 0 0  NPTS=lBO.O/SECT 
TPS=NPTS 
DELTH=THFNL/TPS 
AREA = 3 . 1 4 1 5 9 2  +I R I N J * * 2  
ASECT = AREA/(XM*XN) 
R ( 1 )  = 0 . 0  
ANP = ASECT * 1 8 0 . 0  / 3 . 1 4 1 5 9 2  
DO 3 1 0  I = 2 8 2 1  
H ( J )  = SORT ( ANP + R ( 1 - 1 ) * * 2 )  

3 1 0  CONTINLIE 
F i ( 2 2 )  = 0 . 0  
XNUM=O. 0  
N P T S l = N P T S + l  
DO 3 2 0  J - 2 . N P T S 1  
XNUM=XNUM+1 .0 
THETA(J )=DELTHzXNUM 

3 2 0  CONTINUE J E C T 1 5 5 0  
C C ~ ~ C C C C C C C C C C X C C C C C C ? C I ; C C C C C C C T C C C C C C r C C C C r C C C C C C C ? C C ? C C C C C C C C C C C L C C C L C J E C T 1 5 6 0  
C CALCULATING WEIGHT FLOW J E C T 1 5 7 0  
C ( ~ C C C C C C C C C C : : C C ~ C C C ? ~ : C C C C C C ~ C C C C C C C ~ C C C C C ~ C C C C C C C T C C C C C C C C C C C C C C C C C C L ; C J E C T ~ ~ ~ ~  

w F T l = W T / ( X V K + 1 . 0 ~  J E C T 1 5 9 0  
WXTI =WT-dFT1 JECT lhOO 
WFT2=WFT1 J E C T l 6 l O  
wXT?=WXTl  JECT1620 
I F ( P F F C ) 3 4 0 . 3 4 0 , 3 3 0  J E C T l 6 3 0  

3 3 0  W F T 2 = W F T l * ( l . O - P F F C )  J E C T 1 6 4 0  
3 4 0  I F ( P X F C ) 3 6 0 , 3 6 0 , 3 5 0  J E C T i h 5 0  
$ 5 0  h X T 2 = W X T l * ( l . O - P Y F C )  J E C T 1 6 6 0  
3 6 0  S I E M E N = W T / ( 3 . 1 4 1 5 9 2 u R I N J l ? l N J )  J E C T 1 6 7 0  
3 7 0  AXTMAX=AXTOT JECT16RO 

A X T P I N = A X T @ T  J E C T l h 9 O  
AFTMAX= AFTOT .!ECTl / J u  
AFTMIN-AFTOT J E C T l 7 l O  



4 0 0  l T ( D X F C ) 4 2 0 , 4 2 O , A 1 0  
4 1 0  AXFCrXFCs .  785398gDXFC-:: i lXFC 

AXTM1N:AXTMIN-AXF C 
AXTWAX-AXTMAX-AXFC 

4 2 0  A X N O M = ( A X T M A X + A X : M I N ) / 2 . 0  
A F N O M = ( A F T M A X + A F T M I N ) / % . O  
IF(DFFC+DXFC)440,440.430 

4 3 0  W X T 2 = ( W X T 2 * A X N O M ) / ( A X N O M t A X F C )  
w F T 2 = ( W F T 2 * A F N D M ) / t A F N U M + A F F C )  

4 4 0  XMRl=WXT2/WFT2 
4 5 0  ET0F:O.O 

E l F F - 0 . 0  
QX=WXTZ/AXTOT 
OF=WFTZ/AFTOT 
CALL DVCYK (KOOOFX) 

4 6 0  DO 4 8 0  I = l , N E  
N R A N D ( I ) = O  
w F E ~ = A A F ( I ) * o F  
W X E l = A A X ( I ) * Q X  
K T E ( I ) = W F E l + W X E l  
X M R E ( I ) = W X E l / k F F l  
ETOF=ET OF+WXEl 
ETFF=ETFF+WFEl  
CALL 9VCHK (KUOOFX) 

G O  TO ( 4 7 O 7 4 8 0 ) . K O O O F X  
4 7 0  N B A N D ( I ) = - 1  
4 8 0  CONTINUE 

ETOF=SECT*E i O F  
ETFF=SECT*ETFF 
WERELM=ETgF/ETFF 
AXXTT=AXTOT+AXFC 
AFFTT=AFTOT+AFFC 

WFTP = ETFF 
WXT2 : ETOF 

W F T l z W F T 2 / ( 1 . 0 - P F F C )  
k X T l = W X T 2 / ( 1 . 0 - P X F C )  

WFT l  = WFTl*AFFTT/AFTOT 
WXTl = WXTl*AXYTT/AXTOT 

X M R I N J = W X T I / W F T I  
D =  ( ( W X T l / ( C D X - A X X T T )  ) . ~ - - 2  ). . ;2.2360248 
WTOT=WXTl+WFTl 
D P X I = D / R O X  
D: ( ( W F T l / ( C D F * A F F T T ) ) f > * 2 ) = 3 . 2 3 6 0 2 4 8  
DPFI=D/ROF 

TOFCF = W X T l s ( 1 . 0  - PXFC)  
TOFCF = (TOFCF,>( AXXTT - PXFC) ) /AXXT '  
TOFCF = WXTl - TOFCF 
TFFC = W F T l e ( 1 . 0  - PFFC)  
TFFC = ( T F F C = ( A F F T T  - A F F C ) ) / A F F T T  
TFFC = WFT l  - TFFC 

V INJX=SORT(  ( 9 2 7 3 . 6 + D P X !  /ROX) ) 

VIK.JF=SQRT( (9273.6. : :PPFI  / & , O F ) )  
xXY=TPS*SIGMth-SE'T 

4 9 0  V R I T E  ( 6 , 6 3 0 )  
l;O TO 5 0 0  

5 0 0  ,+RITE ( S , 7 6 0 ) A X T O T , A F T O T , A X F C , A F ~ C , A X X l T , A F c T T  J ~ X ; , ~ P F ~  
igRITE ( 6 ,  ~ ~ ~ ) ~ T O T , W M R ~ L ~ , X M R I N J , E T O F , E I F F ~ ~ ! ~ ~ C  WXT1, 

? V I N J X , V I N J F  
PFFC=PFFCc! UO. 0  



N R I T E  ( ~ , ~ ~ O ) C D F ~ P F F C ~ P X F C ~ D F F C ~ D X F C , F F ~ C ~ X F C ~ R O X ~ R O ~ ~  
CALL P A G E ( 7 0 )  
k R I T E  ( 6 , 8 1 0 )  
NPGE-49 
0 0  5 4 0  I = ? . N E  
l F ( Y P 6 E - 1 ) 5 2 0 . 5 2 0 , 5 3 0  

5 2 0  CALL PAGE(7D)  
NPGE=NPGE+48 
WRITE ( 6 . 8 1 0 )  

5 3 0  CEGREE=Y( I ) / . 0 1 7 4 5 3 2  
B = X ( I ) * S I N ( Y ( I ) )  
A = X ( I ) * C O S ( Y ( I ) )  
MRITE ( ~ P R O O ) ~ E L E ( I ) , N T Y P E E ( I ) , X ( ~ ) , D E G H E E P A > B  

5 4 0  CONTINUE 
L A L L  PAGE( '0 )  
hPGEZ46 
JCONT-0 
WRITE ( 6 , 8 4 0 )  
N N - 4 9 4 4  
CO 6 7 0  1'1tNT 
KK=NU+1 
NST=DATA(KK)+ .O!JOI  
K K I = K K + 1  

lF(NPGE-JCONT)550~550t560 
CALL P A G E ( 7 0 )  
h R I T E  ( 6 , 8 4 0 )  
JCONT-0 
AXMAX-0 . O  
AFMAX=O.O 
w F F l = O .  0 
w X E ~ = O . O  
!+RITE ( 6 ~ 8 5 0 ) h S T S h X  
l F ( N X ) 5 7 0 , 5 9 0 , 5 7 0  
DO 5 8 0  JX:3 *NX 
. 'J=KKl+ JX 
A = .  7 8 5 3 8 9 1 * D 4 T A ( . J J ) < , D A T A (  J J )  
B=A*QX 
WRITE ( 6 . 8 6 0 > D A T A ( J J ) r A . B  
AXMAX=AXM4X+A 
WXEl=WXEl+B 
L O N T I  INLIE 
N N l = J J + l  
NN-NN1 
h F = D A T A ( N N 1 ) + . 0 0 0 1  
J C O N T = J C O N T + ~ F + 3  
lFtNPGF-JCONT)600,600t610 
CALL PA;E ( 7 0 )  
N H I T E  ( 6 , 8 4 0 )  
J C C N T = ~  
WRITE ( 6 ~ e 7 0 ) N F  
l F ( N F ) O ~ i ) ~ 6 4 0 ~ 6 2 0  
UP 6 3 0  JF : l *NF  
hN:NNl+JF 
A = . 7 8 5 3 8 9 ! * D k T A ( N N ) a D A i A ( N b ~ )  



a = A x Q F  J E C T 2 9 ' U  
W R I T E  ( 6 , 8 R O ) i J A T A ( N N ) v > t B  . iECT2"8( !  
A F M A X = A F ~ ? A Y + A  :ECT29?u 
w F E l = W F E 1 + 3  J E C T 3 0 0 0  

6 3 0  C O N T I N U E  J E C T 3 0 1 0  
6 4 0  W T O T l = W X E l + W F E I  J E C T 3 3 2 0  

l F ( W F E l ) 6 6 0 . 6 5 0 , 6 h O  J E C T 3 3 3 0  
6 5 0  u 4 I T E  ( 6 . Y f l O ) A X M A X , A F M A X , h ' T O T l  J E C T 3 0 4 0  

GO TO 6 1 0  J i C T 3 0 5 0  
6 6 0  X M R l = W X E L / b I F E l  J E C T 3 3 6 0  

W R I T E  ( 6 . P 9 0 ) A X M A X ~ A F M b X , W 1 0 T l 1 X M R 1  J E C T 3 0 7 0  
6 7 0  C O N T I N U E  J E C T 3 0 8 0  
6 8 0  READ ( 1 3 )  DATA J E C T 3 3 9 0  

BACKSPACE 1 3  J E C T ~ ~ O O  
L I N K N T  = 0  JECT31.11: 
A J S  = XM*XN/kT J E C T 3 1 2 0  
DO 7 0 0  J = 1 . N E  J F C T 3 1 3 0  
T V U ( J )  = WTEt J)e:-A.IS J E C T 3 1 4 0  
I F  ( L I N U N T  . G T .  C o  GO TO 6 9 0  J t C T 3 1 5 0  
C A L L  P A G E ( 7 0 )  . I E C T 3 l h O  
W R I T E  ( 6 , 9 3 0 )  J E C T 3 1 7 i )  
W R I T E  ( 6 , 9 3 0 )  J E C T 3 1 9 0  
L I N K N T  = 50 . I E C T 3 1 9 0  

6 9 0  W R I T E ( b t 9 2 0 )  J, n ( J ) ,  Y ( J ) ,  T M U ( J )  J E C T 3 2 0 0  
L I N K N T  : L I N K N T  - 1 J E C T 3 2 1 L )  

7 0 0  C O N T I Y U E  J E C T 3 2 2 0  
DO 7 0 5  I = 1, NE J E C T 3 2 2 2  

X X ( 1 )  = X ( 1 )  J F C T 3 2 2 4  
7 0 5  Y Y ( I )  = Y ( I )  J E C T 3 2 2 5  

W R I T E  ( 1 3 )  DATA J E C T 3 2 3 0  
BACKSPACE 1 3  J E C T 3 2 4 0  
XMUMAX-0.0  J E  C  T  3  2 5 0  
4 J S  = A J S u < E C T / X N  J E C T 3 2 6 0  
DO 7 3 0  J = 1  . 2 0  J E C T 3 2 7 0  
T0TW:O.O J E C T 3 2 8 0  
XXX = XXY * ASECT J E C T 3 2 9 0  
DO 7 1 0  I = l . N E  J E C T 3 3 1 0 * * - 1  
1 F  ( X ( 1 )  .I.k. i i ( J + 1 )  . A N G .  X i I )  . G T .  R ( J ) )  T2TW = TOTW + W T E ( 1 )  J E C T 3 3 2 0  

7 1 0  C O N T I N U E  J E C T 3 3 3 i i  
X M U T O T ( J I  = TOTW*AJS J E C T 3 3 4 0  
I F ( X M U T O T ( . J ) - X M U M A X  ) 7 ~ 5 i !  , 7 3 0 , 7 2 0  J E C T 3 3 5 0  

7 2 0  XMUYAX=XYl.!TOT( J )  J E C T 3 3 6 L :  
7 3 0  C O N T I N U E  J E C T 3 3 7 0  

C A L L  P A B E ( 7 0 )  . l E C T 3 3 ? 0  
W R I T E  ( 6 . 7 9 0 )  J E C T 3 3 9 0  
D O  7 4 0  J 1 1 . 2 0  J \ ;CT3400 
XXMAX=XMUTOT( J )  /XMUMAX ~ E C T 3 4 1 0  
W R I T E  ( 6 * 7 5 0 ) R (  J + 1 )  r X M U T O I (  J )  PXXMAX J E C T 3 4 2 U  

7 4 0  COFJTINlJE J E C T 3 4 3 0  
F;ETURb1 J E C T 3 4 4 0  

7 5 0  FORMAT(32X,F6.3,14X,F7.3313XXF6.4) JECT3dF;O 
7 6 0  F O R M A T ( / / , 5 X , Z B H C .  . . .  PROPELLENT O X F I C E  A R E A S p / / t 9 X r 3 4 H E L E M E N T  T O T A J E C T 3 4 6 0  

3 L  O X I D I Z E R  AREA = , F 1 1 . 8 , 8 H  SO. I N .  . 1 5 X  ,SOHEI .EM~UT T O l 4 L  i U ? !  J E C T 3 4 7 0  
% & R E 4  = t i l l . P ~ 8 r l  S l j .  I ? ? . , / , O X 9 S J t i  I O T A L  O v I D i Z E R  FILL. '  COO: I k G  A J E C T 3 4 a G  
3 h E A  = . ~ l I . d , B H  S O .  I N . , 1 5 X 9 3 0 h T O T A L  FbEL F ! L X  C 3 0 L I X G  AHt.3 = , F ~ I . ~ J E C T S ~ ? ~  
4 .  R H  SQ. 11,:. , / . 9 X ,  3 4 H I N J E C T O R  T O T A L  O X I D I Z E R  AREA = . F 3  1 . 8 . 8 H  s Q . ~ E C T 3 5 9 0  
5 .  I k . , 1 5 X , 3 0 H I N J E C T O R  TOTAL FUEL AREA = . r 1 1 . ? , 8 k  S O .  I h a . , / / . 5 X J E C T J 3 1 0  
h . 5 4 H B  . . . .  I N J E C T n H  PRESSURE DROPS F O d  ABOVE iPJJEC:OE D E S I L N , / / , G X ,  J E C T 3 5 2 0  
724H0X1111ZEY P S k S S U R E  DROP : ~ F ~ . ~ ~ ~ H P S I ~ ~ ~ X ~ ~ ~ H F ~ J I ~ L  9 h E S S U R E  D k 3 P  = ; t C T 3 5 3 0  





SURROUT I NE I N  J9 I S  I N J D  
C  I N J D  
C ***********a DE;:& 3 O D I F I E O  2 0  AUG 6 7  s * * o * ~ * * * s c ~ * ~ s * u u n ~ *  l N J D  
C  I N J D  

R E A L  T P P 9 1 P R . I r T , I N T E G ,  I P X  I N J D  
I N T E G E R  DSCRB,  T I M E  I N.JD 
L O G I C A L  L O G I K ,  S L 1 ,  S L 2 ,  E O R J ,  I R U N  1 N J D  
COMMON /PROLOG/  L O G I K ( 5 0 ) p  S L 1 .  S L 2 ,  E O R j  I N J D  
COVMON / J E C T O R /  D A T A  ( 9 6 0 0 )  I N J D  
LOMMON GAMMA, NW, WC, AVN.  BVN.  CVNR, C l u I ,  CE, C I  I NJD 
DIMENSION I N.JD 

1 U  ( 1 0 0 0 ) ,  AVN ( 3 0 )  r RVN ( 3 0 1 ,  CV'UR ( 3 0 )  r I N J D  
2 C V N I  ( 3 0 ) .  RR ( 1 0 0 0 ) ~  THATA ( 1 0 0 0 ) ~  F I G S T  ( 3 0 ) ~  I N J D  
3  SECDYDC 3 0 ) .  Z  2 ) .  WC 3 0 ) ,  I N J D  
4 I P P ( 5 0 ) ,  O P P ( 5 0 ) ,  I P R ( 5 0 ) ,  G P R ( 5 0 ) ,  I P T ( 5 0 1 ,  O P i ( 5 0 ) ,  I N J D  
5 X  1 0 1 0  Y  ( 1  0 0 0 )  I N J D  

E 3 U I V A L E N C E  ( TRUNt  L O G I K ( 9 )  ) t  I N J D  
1 ( E l  , D A l A ( l ) ) ,  ! X I /  , D A : A ( 3 l I ,  I N J D  
2 ( X N  , D A T A ( 4 ) ! , ( V  . D A T A ( 6 ) ) , ( S V N  , D A T A ( B ) ) ,  I N J D  
3  ( P O 0  , D A T A ( 1 3 ) ) ,  ( 2 1  t D A T A ( 1 5 ) ) s  I N J D  
4 ( R R ,  X, D A T A ( 1 9 2 1 )  ) , ( T H A T A ,  Y,  O A T 4 ( 2 9 2 1 ) ) r  I N J D  
5  ( U  p D A T A ( 3 9 7 3 )  ) ,  I N J D  
0 ( I P P  . D A T A ! 2 0 ) ) ,  I N J D  
7  ( O P P  , D A T A ( 7 0 ) ) , ( I P R  v D A T A ( 1 2 0 ) ) r  (OPR , D A T A ( 1 7 0 ) ) ,  I N J D  
8 ( I P T  , D A T A ( 2 2 0 ) ) * ( 0 P T  r ~ A T A ( 2 7 0 ) ) , ( T F L P , n 4 T A ( 9 5 9 6 ) ) ,  I N  J D  
9 ( T F L R * D A T A ( 9 5 9 7 ) ) , ( 1 F L T r D A T A ( 9 5 9 8 ) )  I N  J D  

C I N J D  
1 0  FORMAT ( / / 1 2 X 3 0 H R E S U L T S  OF D E S C R I B I N G  F U N C T I O N  / /  Z J X I O H E L E M E N T  I N J D  

1 6 H R A O I U S 4 X 5 H A N G L E 3 X 1 0 H F R A C T I O N A L  / ~ ~ X ~ H O M E G A ~ X J ~ I N O . ~ X ~ H  7 X 3 H R A O I N J D  
2 4X9HFLOW-RATELOX2HFP12X2HFH12X2HFT / /  I V J D  

2 0  FORMAT ( 1 0 X F 9 . 4 ~ I 9 ~ F 1 1 . 3 ~ F 1 0 . 4 ~ F 1 1 . 5 ~ 2 X 3 F 1 4 . 6  I N  J D  
3 0  FOR: l4T  ( / /  1 2 X 4 1 H R E S U L T S  i l F  I N J E C T I O N  i l I S T R I B U T O N  E F F E C T S  / /  I N J D  

1 4 3 X 5 H O M f G A 6 X 3 H A V Y 8 X 3 H b V N 7 X 3 H C V N 7 X 3 H C V b  48X3(6*4HREAL)$6X4HIMAG/ I Y J D  
2 1  ) I N J D  

4 0  FORMAT ( 3 9 X 5 F 1 0 . 4  ) i N J D  
5 0  FORMAT ( 4 4 X 5 H A L L  4 F 1 0 . 4  ) I N J D  
6 0  FORMAT ( / /  5 X 3 9 H I N P U T  TO I N J E C T I O N  D I S T R I B U T I O I !  P R O G R A M / / 1 O X 9 H C ! l N I N J D  

L S T A N T S / / 1 4 X l B H i U I I M B E R  OF OMEG4S ' I 3 / / 1 4 X 2 0 H N u M B E H  OF E L E M E N T S  = 1 5 , I N J D  
i 1 3 H  FOR EACH OF 1 4 ,  ;OH S k M M E T R I C  S E C T I O N S .  I N J D  
2 i / 1 4 X 2 2 Y 2 A O I A L  D I V I S I O N S ( X M )  = F 5 . 0 / / 1 4 X 2 4 H A N G U L 4 R  O I V I S I O R S  ( X N )  I N J D  
3 : F 5 . 0 / / 1 4 X ? 7 H A C O U S T I C  MODE N U M B E R ( S V N )  = F 7 . 4 / / 1 4 X 3 0 P O R D E R  OF B E S S E I N J D  
4 C  F U N C T I O N S ( V )  : F 3 . 0 / / 1 4 X 1 7 H I N J f C T O R  R A D I U S  = F 8 . 3 , 5 1 4 ,  l N . / / 1 4 X 3 2 H I N J D  
? R A T I O  OF S P E C I F I C  H E A I S ( G A l 4 M A )  - F 7 . 4 / / 1 4 X 3 9 H Y A X I j . l U M  PRESSURE A M P L I T N J D  
t T U D E  R A T I O ( P 0 0 )  = F 7 . 3 / / / 1 4 X 3 9 H T R A N S F E R  F U N C i I O N S  FOR L I N E A R  O P E H A T I N J D  
7 1 O N / / 2 0 X 1 6 H P R E S S I ! R E ( T F L P )  = F 7 . 3 / / 2 0 X 2 . 3 h R A D I A L  V E L O C I T Y ( T T L R )  z F 7 . 3 1 N J D  
A / / ? O X 2 7 H T A N G E N T I A L  V E L O C I T Y  ( T F L T )  z F 7 . 3  ) I N J D  

7 0  FORMAT ( / /  l C X 1 7 Y I N P U T  F R E Q U E N C I E S  I Y J D  
80  FORMAT ( /  7 X  5 r 2 0 . 4  ) I N J D  
9 U  FORMAT ( / / / l O X l Q d E L E M E N T  I I \ JFORMATION ) I N.JD 

1 0 0  FORP,AT ( / / 3 l X / h E L E M E N : ~ ! 4 X b H R A O I U S 1 5 X 5 H A N G L E 1 1 X 1 D I T R I B U T I N Q J X  I N J O  
~ I ~ H C O E F F ~ ~ I E N T / J ~ X ~ H N O . ~ - ~ X ~ ~ H ~ N . ~ ~ X ~ ~ Y ~ ~ A ! I A N S ~ X ~ - ~ /  ) I N J D  

1 1 0  F?RMAT ( 3 2 X I 5 ~ ~ 1 X F l U . J ~ l O X F 1 0 . 4 ~ 1 1 X F 1 0 . 4  1 N J D  
1 2 0  F O R M I T  ( 1 H 1 / / / 6 H  TABULAR N O N L I N E A K  E F F E C T S / / I ~ X ~ ? P R E S S U H E ~ ~ X ~ O ~ L ~ ~ P I N J D  

l B i J S T I O N L 2 X 6 H 9 A i i I  A L 1 2 X l U h C ~ W B U S T 1 ' ) h l 1 0 X S b H T A N T , E N T '  ~ L 1 i l X l U H C O M R U S l I O N I N . J D  
2 / 7 1  X S H ' l E L i l i l  T Y  ~ Z X ~ H V E L O C I  T Y /  9% 7 ( 1 2 J P t R T I I 8 3 b T I  ' 1 S 3 Y 4 H t i A T N 1 2 X )  ) I N J D  
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Report %"067%-P2D 

00100 0 0 0 0 0 0 n 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 . 3 0 0 0 0 0 0 0 0 0 0 0 ~ 0 0  0000 0 0 3 "  
~ w ~ n a r .  r ~ ~ i n \ ~ r . m c r o d - r ~ m I n a . o m a , c r a ~ ~ r , o u \ a ~ m o . n ~ ~ m u ~ ~ . o h ~ m c  d ~ r ,  u m a r  e c r l c x q  
4 ,  ~ ~ ~ ~ . ~ ~ ~ r , ~ r , r ) ~ r , r , r , ~ ~ u v u ~ ~ ~ ~ ~ ~ ~ i n u \ ~ n u \ ~ n m ~ n ~ n m i n o a a . o  . o . r \ ~ . a  k c p - r , h  
d d d d . 4  d d d d d 4 d d d d d d d d d d d d d d d d d 4 d d d d d d d d d d d d d d d d r l  d d d d  d d d n  
o o a u a  o o o o o o o o o o a a e o o o o a o o a o o o ~ ] o a ~ o o o n o ~ a a o a o a o  e u a n  a a o a  
7 7 7 7 7  7 7 7 7 7 7 7 7 7 7 7 7 7 7 1 7 7 7 - , 7 7 7 7 7 7 7 - >  , 7 7 7 7 7 7 7 7 7 7 7 7 7  7 7 7 7  73-17 
Z Z Z Z Z  Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z z z z Z Z Z z Z Z Z Z Z Z z  2 1 7 2  2 2 7 7  .-.---- - ------------------------------- . ---------  -.-..+- .4-.-.- 

* * - x x * L - X l n X  * In xu,)< * - X O X  
i 0 u X O X  * C x x x  

6 X X  
a x a x  
0 X Z X  
0 x - X  - X Z X  
N  X Z X  - x - X  
\ x a x  
o. xrnx 
I n x x  
d X n Y  
u X O X  
.+ XLLY 
. X X  
r, X U J X  * X > X  - X - X  - X C X  
Z X - X  - XUJX 
C  X O X  
ln x a x  
C r x x  - x e x  
L X Z X  * x a x  

- - Z 
-I - - C  
0 ln 
z m 
0 - 
U  L 
UJ * 
m u  - 

in 7 4  

- m  - - -  N 
d 0 - -  I 
C CU 
l n -  - 
X O  x - 8. - 

- - XUJX 
t X O X  
ln X O X  
a X E X  - X  X  

r: - . n  * z - *  
L O Z *  

- 
a 

n _l - t.LL 
a M C -  
\ . * rx 

t o o m  
m - c . = .  m a =  
x + > m  M * 3  
u > r _ ) *  -0. Z 
m u * >  o m -  
U 4 Z 4  r . 4 -  

Z S Z  v w l n  
. > - >  

- - m -  
d a . . 

i: u, - * 
- : : ; a ! x - *  
z *  O r l *  
X O J J t  * 
>> <t A -1 > * 

3 0 
CUM 
M  

0 

0 
N - - 

Y 
0 
I- - 
0 LL 
w - 

x u  
>< > 

- x -  
x C 

+ x u  
- x u  
N ' C W  
N X Z  - X  

X l n  
- x -  

X  
L L X C  
- x -  

X  N 

X  7  
x - - 
x u +  
X L >  
x u -  
X I m  
X C O  
X * U  
X  > 
X  I1  
X  11 
X C  
X C >  
X > U  
X  

- 
ln- 
a m  
- a  
u-, ti 
Q + 

IU 7 2  C 
3 a 
;I I I - I 1  
C  - 
z (OX 
o a a  
L C -  
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Report B672-P2D 

, , , ,  , ,  , , , , ,  
z z z z  z z  z z z z z  ~ I z ~ ~ ~ z z i i i z ~ i z i z ~ z z z Z i ~ i ~ i i z i z ~ Z i i Z ~ ~ 1 Z z z i z  --  I C - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - , - s - - - - - -  

- d i l r -  - 4 6 -  - W Ub-(L - dl > 
rl - - * m  . - + - t i  - c2 O O Z I  - - .  
CT W N 1 3  C LU iU 

C - 3 - 0 2  a c *  
0 Z -0. - 0 2 3  - 0 0 -  - z a  . - r i r ' w  . . > z  - L ~ 9 - a  - L - r x  

-9 . 4 -  rl .m[ l lw  .-. .., d,,J . - V + w * -  - z mL- P )  - dl-a 
w - a  m z  - u  w - a  s z ~ +  
" ~ n - . - . m -  \ -  a m - - m - i t  

+ r C  C O O -  . V i m  . 
-i O Z W - I I ~ N J  18 II II 1 8  c w 
i m E 5 -  - c t t  I I C  o J C I I  
v,NvzuaI l  .o , l l U  - - - - . r . - - w  .u 

- - a -  - 3 N - - N 3 3 9 - 3 3 z 3  a 
l t  ll J C C Z P h ' I I N - -  - - Z W  

0 , . , . ,LWz-  ---.--.40---u 
C - U J C - d b - Y C Y C  1 1 - - - - r x - + a - t - _ I  
X X  A - 2 - Z Z  Z Z  Z' Z Z Z  J 
3 - c ~ a u -  U - O ~ L > > L > ~ O ~ > C I L L ~  
w C a - , d I J 1 A U ~ - ~ 4 m - D L U U U U - C ~  
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@ E L T  S U 8 2 0 , 1 . 6 9 1 0 2 9 ,  5 0 0 5 2  

S U B R O U T I U E  TPLC4L *NEW 
T E L C A L  S U B R O U T I R E  C A L C U L A T E S  XX VS U 2 T B L  FROM N O Z Z L E  G E u l l E T R Y  *ANNUOOJO**-1  
S I M P S O N S  RULE I S  USEC W I T H  KN I N P U T  ODD AND CHA?JGED TO K ~ l / 2 + 1  119 M A I N u A N N U O U ~ O  

DECK ANNULR D E R I V E C  FROM DECK V E L P O T . . .  TREATS ANNULAR N O Z Z L E S  A N N U 0 0 5 0  
A N N U 0 0 6 0  

L O G I C A L  L C G I K ,  S L 1 .  S L 2 .  E O R J  A N N U 0 0 7 0  
COPMON /PPOLOG/  L O G l K ( 5 0 ) t  S L I P  S L 2 ,  E O R J  A N N U 0 0 8 0  

A N N U O O ~ O  
COMMON / A S C D F /  E X T R A ( 1 0 0 ) ,  A B L O K ( 6 O O )  ANNUOlOU 

1 XX v U ? T B L  * " E S I R F  , RAT t 9AC t RCC A N N U 0 1 1 0  
Z RCT 3 HANG , G  r rt I\] Y 7 YP A N N U 0 1 2 0  
3 P YObT 3 T t M P  r E  P X T A B L E  t Y T A ~ L E  t A  A N N U 0 1 3 0  
4  , R  t AM t AP , AMP Z Z  t AP" A N N U 0 1 4 0  
5 AMP2 , C 4 L F A  9 C T A L F A  t DELAM , D E L T Z  , F K N  A N N U 0 1 5 0  
6  G I  t G2 t G 3  G4 , J F L A 2 1  , K N M l  A N N U 0 3 6 0  
7  9 K  P NN , P I  PRGO , R S T 4 l  9 R S T A 2  A N N U 0 1 7 0  
b , S A L F A  , T 1  , 7 2  , T 3  , Y I N '  , XK 4 N N U 0 1 8 0  
9 Z Z 1  9 Z Z 2  9 7 2 3  , A 1  P ABC , ABD A N N U 0 1 9 0  

COMYON / A A C D F /  A N N U 0 2 0 0  
1 A 1 1  , A L P H A 1  , ALPHAH P A H 1  , 5 1 0 1  9 8 1 0 2  A N N U 0 2 1 0  
2  , 8 1 0  , B 1  , 8 2  8 3  P 8 4  P 8 5  A N N U 0 2 2 0  
3  9 B h  8 7  P R 8  P B 9 1  , B 9 2  , B 9  A N N U 0 2 3 0  
4 a 1 1  , B R I  , C Z  C3 t C H I 1  P C H I R  A N N U 0 2 4 0  
5  C I 1  > C R 1  P C  9 " 1 0  . D l 1  8 D l  A N N U 0 2 5 0  
6  t D 2  9 C3 * 0 4  , D 5  t 0 6  D 7  A N N U 0 2 6 0  
7  D6 09  t DC2 t 0 , DU2 r E l  A N N U 0 2 7 0  
8  ER , F 3 I  , r 3 R  , F I  , F R  H I  A N N U 0 2 8 0  
9  9 H I t I W 0  r I W  > I N N  , J  A N N U 0 2 9 0  

COMMOY / 4 R C D F /  ANNUOJOO 
1 M 3 E S l R  J NK N P  t S 2  S  9 TT A N N U 0 3 1 0  
2  U Z  P J 8 k 2  W t \ I 0 1  r X I O R  A N N U 0 3 2 0  
3 X I 7 1  , X12R , X I  v Y J I  t VJR , XMNEW A N N U 0 3 3 0  
4  . YnOLD , XNEK . XOLD , XPT , X  Z I  A N N U 0 3 4 0  
5  , 7 P  A V N U 0 3 5 0  

A N N U 0 3 6 0  
D I Y E N S I  JN X X ( 2 0 0 )  r U 2 T B L  ( ~ ~ O ) ~ X T A B L E ( ~ ~ O ) P Y T A B L E ( ~ O O ) ~ Z Z ( ~ O O )  A N N U 0 3 7 0  
D I M E N S I O N  Y ( 8 ) . Y P ( 8 ) , Y O U T ( B ) , T E M P ( 7 2 ) , E ( 8 )  A N N U 0 3 8 0  
D I M E N S I O N  4 ( 2 0 0 ) ~ R ( 2 0 0 ) ~ A Y ( 2 0 0 ) ~ 4 P ( 2 0 U ) ~ A M P ( 2 0 0 )  A N N U 0 3 9 0  

ANNU04011 
E Q U I V A L E N C E  ( X K P G R A D ) , ( E X T R A ( ~ ~ ) P R A T I ) ~  A N N U 0 4 1 0  

1 ( E X T R A ( ~ ~ ) V R A C I ) , ( E X T R A ( ~ ~ ) ~ R C C I ) , ( E X T R A ( ~ ~ ) , H A N G I )  A N N U 0 4 2 0  
A N N U 0 4 3 0  

F K N  = K N  A N N U 0 4 4 0  
K N M l  = KN - 1 A N N U 0 4 5 0  
DELAM = 1 . 0 / ( F K N + 1 . 0 )  A N N U 0 4 6 0  
P I  = 3 . 1 4 1 5 9 2 7  A N N U 0 4 7 0  

A N N 0 0 4 8 0  
DO 10 J = 1 ,?OO A N N U 0 4 9 0  
Z Z ( J )  = 0 . 0  A N N U 0 5 0 0  
A ( J )  = 0 . P  A N N U 0 5 1 0  
P ( J )  = 0 . 0  A N N U 0 5 7 0  
A M P ( J )  = 0 . 0  A N N U 0 5 3 0  
A M ( J )  = 0 . 0  A N N U 3 5 4 0  
X X ( J )  = 0 . 0  A N h U 0 5 5 U  
U Z T B L ( J )  = 0 . 0  A N Y U 0 5 6 0  



1 0  APCJ) = 0 . 0  
C  

R ( 1 ) =  RAT 
K I  = RATI  
RCTI = EXTRA(92)  
A ( 1 )  = P I * ( R ( l ) + R ( l ) - R I c R I )  
U 2 T P L ( 1  ) = I  . 0  
R ( K N )  = RAC 
ALFA = HANGa.01745329 
CALFA=COS(ALF4) 
S A L F A = S I N ( A L F A )  
CTALFA=CALFA/SALFA 
R S T A I = R A T + F i C T * ( l . O - C A L F A )  
R S T A 2 = R A C - R C C * ( I . O - C A L F A )  
Z ~ ~ = R C T * S A L F A  
Z Z ~ = Z Z ~ + C T A L F A L ( R S T A ~ - R S T A ~ )  
ZZ3=ZZZ+RCC*SALFA 

C  
J F L A G 1 = 1  
JFLAG2 = 1 
I F  ( RACI . E O .  0 . 0  .AND. HAT1 . E O .  0 . 0  ) J F L A G ~  = 4 
A L F I  = H A N G I * . U l l 4 5 3 2 9  
CALF1 = COS(ALF1)  
S A L F I  = S J Y ( A L F 1 )  
CTALFI  = C A L F I / S A L F I  
R I l  = R A T I  + R C T I s ( l . 0 - C A L F I )  
R12 = RACI - R C C I * ( l . O - C A L F I )  
Z I 1  = R C T I a S A L F I  
Z I 2  = Z I 1  + C T A L F I * ( R I 2 - R ! 1 )  
Z13 = Z I 2  + RCCInSALFI  
z 4  = ZZJ 
I F  ( 2 1 3  .GT. ZZ3 ) 24 = Z13  
DELTZ = 24  / ( F K N - 1 . 0 )  

C  
DO 8 0  I = 2rKNM1 
Z Z ( I )  = Z Z ( 1 - 1 )  + DELTZ 
Z  = Z Z ( I )  
GO TO ( 20. 4 0 .  6 0 .  6 5  ) ,  J F L A G l  

7 0  R(I)=R4T+RCT-SQRT(RCT7*2-ZZ(I)cc2) 
1 F ( R ( I ) - R q T A 1 ) 7 0 , 7 0 , 3 0  

3 0  JFLAG1=2 

5 0  J F L A G I  = 3 
60 I F  ( 2 - 2 2 3  6 2 .  6 5 ,  65  
6 2  R ( I )  = RAC - RCC + SQRl ( RCC*RCC - ( Z Z 3 - Z ) ' + 2  ) 

GO TO 7 0  
65  P ( I )  = % A C  

JFLAG1 = 4  
70 GO TO ( 7 ? .  7 4 ,  76, 7 7  ) ,  JFLAG2 
7 2  T X  = SORT ( R i T I < s R C T I  - Z*Z ) 

I F  ( RCTI . L T .  0 . 0  ) 1 X  = - 1 X  
R1 = R4T1 + RZT! - T X  
I F  ( Z-713 ) 7 8 .  7 8 ,  13 

7 3  J r L A G 2  = 2 
7 4  R I  = R 1 1  + (RJ2-R1?)*(iZ(I)-ZIl)/(Z12-Z11) 

i c  ( Z - Z I ?  ) 7 8 ,  7 8 ,  '5 
7 5  .JFi.AG: = 
7 6  i X  = S O R T  ( RCCIaHCCI - 1 2 1 3 - 2  )"-2 ) 



I F  ( RI'CI . L T .  0 . 0  TX  = - 1 X  
R I  = R A C I  - R C C I  + TX 
i F  ( Z - 7 1 3  ) 7 8 ,  7 7 ,  7 7  

7 7  R I  = R A C I  
J F L A G 2  = 4 

7 8  A ( 1 )  = P I * (  R ( I ) * R ( I )  - R I * R I  ) 

8 0  C O N T I N U E  
C  

7 Z ( K N )  = Z Z ( K N M 3 )  + D E L T Z  
A ( K N )  = P I * (  R A C a R A C  - R A C I Q R A C I  ) 

AMM = 1 . 0 +  D E L A M  
G l = ? . O / ( G  + 1 . 0 )  
G2 = ( G  - 1 . 0 ) / 2 . 0  
G 3  = ( G  + l . O ) / ( ? . O E G  - 2 . 0 )  
G 4 = 1 . 0 / G 1  

c 
D O  9 0  J = 1 r K N  
AMM = AMM - D t L A M  
A M ( J )  = AMM 
~ P ( J ) = ( A ( ~ ) / A M M ) ~ ( G ~ Q ( ~ . O + G ~ Q A M M Q Q ~ ~ ) ) ~ G ~  

9 0  C O N T I N U E  
r. 

DO 1 0 0  K  2 t K N  
C A L L  I N T 4 ( A P ( l ) . h M ( l ) , A ( K ) , A M P ( K ) )  
A M P Z = A M P ( K ) * * 2  
U2TBL(K)=(G4*AMP2)/(1.O+G2*AMP2) 

1 0 0  C O N T I N U E  
C  

D E S I R E  = A M P ( K N )  
X I N T  = 0 . 0  
h N  = K N  - 2  
K  = 1 
I F  ( R C T I  . E Q .  0 . 0  ) R C T I  = 1.0 
G R A D  = S Q R T  ( G l * ( R A T / R C T  - R A T I / R C T I  ) / (  R A T * R A [  - R A T I e R A T I  ) ) 

l * R A T  
P R O D  = 2 . 0 * X K * D E L T Z / 3 . 0  
DO 1 1 0  J = l * N N , ?  
T I  = S Q R T ( U Z T B L ( J ) )  
T 2  = S B R T ( 1 1 2 T B L (  J + 1 ) )  
T 3  = S Q R T ( u 2 T B L ( . 1 + 2 ) )  
X I N T  = X I N T  + P R O D * ( T l + 4 , 0 * T 2 + 1 3 )  
K = K + 1  
X X ( K )  = - Y I N T / R A T  
U Z T B L ( K - 1 )  = U 2 T R L ( J )  

1 1 0  C O N T I N U E  
U 2 T S L ( K )  = U 2 T B L ( K N )  

C o * e a Q a * s * f f  
R E T U R N  
E N D  



S V B R O U T I N E  A D S E T ( N , F , U , t P . T . X , H A . t )  
D I M E N S I O N  F(1).D(1),FP(1),T(8,8).HA(1LE(l),AC(663).AE(1U).AH(1~) 

l . A C C ( 6 )  
E Q V I V A L E N C E  ( A C C ( l ) , A C ( 1 3 ) )  
2 4 T A  AC ~ 0 . ~ 1 . ~ . 5 ~ . 4 1 6 6 0 6 ~ . 3 7 5 5 ~ 3 4 8 6 1 1 ~ . 3 4 8 6 1 1 ~ . b 5 1 ~ Z 8 9 ~ , 1 5 1 3 8 9 ~  

1 .06805~,.026389,0.,0.,0.,0.,0.,0.~0./ 
D A T A  AD /~.~-1.,0.,0.,4.r-4.,1.78.,-12.,16./ 
D A T A  AH / . 5 7 ~ 1 2 5 ~ . 0 6 2 5 ~ ~ U 3 9 0 6 2 5 ~ . 2 5 ~ 1 2 5 . 0 7 8 1 2 5 9 . 1 2 5 t . O Y 3 7 5 ~  

1 . 0 6 2 5 /  

C * * * *  T H I S  S U B R O U T I N E  W I L L  I N T E G R A T E  N  D I F F E R I N T I ~ L  E Q ! ' A T I ? N S .  
C * * * *  T H E  C A L L I N G  S E Q U E N C E  I S  A S  F O L L O W S .  
C * * * *  N  I S  T H E  NUMGER OF E Q U A T I O N S  
C*?,** F  I S  T H F  A R R A Y  O F  F U N C T I O N S  
C * * * *  D  I S  T H E  ARRAY O F  D E R I V A T I V E S  OF I H E  F U K C l I O h S  F  
C  F P  I S  T H E  ARRAY OF i H E  P A R T I A L  S T E P  V A L U E S  O F  F A T  X  : T F  
C * * * *  T  I S  A N  A R R A Y  OF 8c .N  WORDS 
C  H 4  I S  E I T H E R  AN A R R A Y  UR A  S I b ! G L E  NORD 
C * a * a  I N  E I T H E R  C A S E  H A ( 1 )  I S  T H E  I N I T I A L  S T E P  S I Z E  G U E S S  
C s e c c  I F  T t i E  ARRAY F E A T U R E  J S  U S E D  ThE F O L L O W I N G  C O r J D I T I O N S  H O L D .  
c a * * o  I F  H A ( 2 )  I S  E Q U A L  TO 1111 T H E N  S l E P  S I Z E  i S  L I Y i T E D  
C * E - * *  H A ( 3 )  I S  T H E  L O W E S T  V A L E  O F  T H E  S T E P  S I Z E  ALLOWED 
C*;ia* H A ( 4 )  15 T H E  L A R G E S T  V A L U E  OF T H E  S T E P  S I Z G  A L L O W E D  
C * s s a  I F  H A ( 2 )  I S  E Q U A L  TO 2 2 2 2  B O T H  J H E  L I V , I T  4 r ; D  T Y E  C O R R E C T E D  
C..a.i D E R I V A T I V E S  A R E  U S E D  
c *+u*  I F  H A ( 2 )  I S  E Q U A L  TO 3 3 3 3  O N L Y  T H E  C O R R E C T E D  D E R I V A T I V E S  A R E  U S E D  
C.>U*Q I F  H A ( 2 )  I S  N O T  D E F I N E D  T H E N  N E I T H E R  A R E  IJSED 

K K F = O  
C * * * *  S E T  F O R  NO R E C A L  OF D E R I V A T I V E S  

H M I N = O .  
I F ( H A ( l ) . L T . O . )  H M I N = - H M A X  
I F ( H A ( l ) . L T . O . )  H M A X = O .  
H M A X - 1 .  E30 

C**** S E T  M A X - M I N  S T E P  S I Z E  
I F ( H A ( 2 ) . E Q . l 1 1 1 .  GO TO 4 0 0  
I F ( H A ( 2 ) . E Q . 2 2 2 2 . )  GO TO 4 0 1  
I F ( H A ( 2 l . E O . 3 3 3 3 . )  KKF=I 

4 0 3  GO TO 4 
4 0 0  H M I N - H A ( 3 )  

H M A X = H A ( 4 )  
GO TO 4 0 3  

4 0 1  K K F - 1  
GO TO 4 0 0  

L 
C  

E N T R Y  A D I N T  
 LENT:^ 
I D F - 0  
I F ( I N T . E O . 0 )  GO TO 2 0  

7 1  K F = 1  
X = X + H  
G O  TO lil!] 

2 0  P = U P  ( 1 )  
5Co  '3 5 0 4  I = I , N  

: ~ t ~ ( i ) . L l ' . l . k - 3 i  E ( 1 ) z l . k - 9  



CONTINLIE 
IF(IENT.NE.0) RETURN 
RETURN1 

ENTRY ADCOG(*) 
IENT-0 
IF(INT.EQ.0) GO TO 23 
I F ( K K F . E ~ . ~ )  GO T O  J4 
DO 41 1sl.V 
T(8,1)= F(1) 
T(l,I)=D(I) 
KF-2 
GO TO 100 

TEST ERROR TEAM YEHE. 
CONT I .dUE 
IDF=2 
P O  16 I=l,N 
BOT=F( I )  
IF(ABS(BOT).LT.l.f-6) BOT=l.E-6 
ERRzABS((F(1)-T(BPI))/80T) 
IF(ERR.LT.C(I)) GO TO 1 8  
IDF -1 
GO TO 500 
IF(64.*ERR.LT.E(I)) GO TO 16 
I DF=O 
CONTINUE 
IF(KKF.NE.0) GO TO 404 
NEW DIFFERENCES 
IF(NS.GT.5) NS=5 
DO 17 I = l r N  
T(7,I) = F(1) 
TE = D(I) 
DO 15 K = 2 * N S  
TF = TE -T(K.I) 
T(K, I)=TE 

TE =TF 
T(NS+l,I)=TE 
IF(KKF.NE.0) KKF-1 
N S = N S + ~  
IF(IDF.EQ.2) GO TO 25 
RE TURN 

H4LF 
IF(H.LE.tiMIN) 60 TO 34 
INT =INT +1 
lF(INT.GE.10) GO TO 34 
X - X - H  
H=H/2. 
GO TO 2 8  



DOUBLE 
I N T = l  
I F ( Z . * H . G E . H M 4 X )  RETURN 
~ = H + H  
NN:NS-2 
D O  2 6  I = l , N  
K K K - 1  
DO 2 6  L = l , N N  
TE.0. 
DO 2 7  K=L ,NN 
GO TO ( 4 4 t 4 5 ) ~ I D F  
TF=AH(KKK)  
GO TO 2 9  
TF =AD(KKK)  
TE = TE + T F * T ( K + ? , l )  
K K K = K K K + l  
T ( L + 2 9 I )  =TE 
I F ( 1 D F - 2 ) 2 1 , 5 0 1 . 2 1  

ENTRY ADPAR(TP)  
KF 3 
P=  ( T P - X )  / H  
P 2  'P"P 
P 3  = P a p 2  
P 4  = P a p 3  
P 5  = P c P 4  
A C C ( Z ) = P  
A C C ( 3 ) = P 2 / 2 .  
A C C ( 4 )  = ( 2 . * P J t 3 . * P 2 ) / 1 2 ,  
A C C ( 5 )  = ( P 4 + 4 . * ( P 3 + P 2 ) ) / 2 4 .  
A C C ( 6 )  = ( 6 . * P 5  + 4 5 .  * P 4 + 1 1 0 .  

KF -3 
G O  TO 1 0 0  

ENTRY ADRtS 
INT=O 

NS=2 
RETLlRN 



S U R Q O U T I N E  A S 1 s R  ( C , I T I T L F . I E R R )  
T H I S  R O d T I N E  P R O V I D E S  A  H I G H L Y  S I M P L I i i E D  I L P U T  " R O C E D U d t  WHICH I S C T P  2 0  
P ION-CAHD-COLIJE l i u -ORIENTED,  D E V E L O P F l j  AT THE A I R  ;ORCE ROCKET CTP 3 0  
P R O P U L S I O N  LABORATORY BY RPMMD/CAPT V . L . O L I \ ' I E R / 5 5 3 - 2 8 1 9  CTP 4 ;  
L A S T  H E V I S F D  4 P H I L  1 9 5 3  Z T P  5 0  
THE CONTROL CHA9ACTEHS ARE D E F I N E D  PS F O L L C d S * *  CTP 6 3  

L  . . . .  S P E C I F I E S  A  L O C A T I O N  N U I ~ J E R  W I L L  r O L L ? W  
+ 3R - AND/OR , A2E USEC TO SEPARATE DATA E d T R I E S  

CTP 7 0  
CTP 8 0  

L . . . S P t C I F I E S  A  POWER OF TFY W I L L  FOLLOW C T P  9C 
T . . . .  TERMJhlATES THE DATA READ I N  AND I S  F ~ ~ L L O W E D  BY YCD CTP 1 0 0  

INF ORMATIOY THAT CAN BE P R I I ~ T E D  CTP 11 
EL AUKS "ID ZEROES P R E C E D I N G  A  N U h a E R  A?€ I G u 3 R E D .  CTP 1 2 i i  

C T ?  1 3 0  
' x A Y P L E S * . ~  1 2  3  4  CTP 1 4 0  

COLUMN 1254~6789~12345678901234567890123456~8901234507 . . .  CTP 1 5 0  
L  0 0 0 2 3 U O r 2 4 + - l r + + E 1 2 , E - 2  , 1 0 . 0 0 1  L 1 2  + + + - 1 C T P  I h U  

L (I + 1 PIP 1 0 0 , 1 E 2 0 + L 5 ?  P 9 C T P  1 7 0  
T  ( r  I S  T H t  ONLY C O N l R O L  THAT MUST u E  I P ,  CJLUMY 1 )  CTD 1 3 0  

CTP 1 9 Q  
THE R E S U L T S  ARE STORED II'I THE C-AQRAY AND I T I T L E  AS FOLLOWS**  CTP 2 0 0  

C ( 2 3 0 1 ) = ? 4 .  CTP 2 1 0  
C ( 2 3 0 2 ) = 0 .  CTP 2 2 0  
C ( 2 3 3 3 ) = - 1 .  CTP 2 3 0  
C ( 2 3 0 4 ) = 0 .  C T P  2 4 0  
C ( 2 3 0 5 ) = 1  . E + 1 2  CTF 2 5 0  
C ( 2 3 n 6 ) = 1 . E - 0 2  CTP 2 6 0  
C ( 2 3 0 7 ) = 1 0 . 0 0 1  CTP 2 7 0  
C(13) :O.  C T P  2 8 0  
C ( 1 4 ) = 0 .  C T P  2 9 0  
C ( 1 5 ) = O .  CTP 3 0 0  
C ( l 6 ) = - 1 .  C T P  3 1 0  
C ( l ) = l .  CTP 3 2 0  
r ( 2 ) = 1 .  C T P  3 3 0  
C ( 3 ) = 1 0 0 . i E + 2 0  C T P  3 4 0  
C ( 5 t ) = O .  C T P  3 5 0  
C ( 5 2 ) = 0 .  CTP 3 6 Q  
C ( 5 3 ) = 0 .  CTP 3/i) 
I T I T L E z T  ( T  I S  TPE ONLY CONTRSL THAT k'UST J E  ! V  COLUMh 1) CTP 3 8 0  

C T P  3 9 5  
C I M E N S I O N  C ( 1 ) , C C A R D (  7 r ) # S r  M B ( 1 7 )  , x h 1 U M ( 1 6 )  
u I M E N S I O d  I D C A R n ( 7 2 ) ,  I T I T L E ( 1 2 ) .  M U L T 1 ( 6 ) ,  V A S K 1 ( 6 )  C T P 1 4  I 0  
E Q U J V A L E N C E  ( I D C A R D ( l ) . D C P J D ( l ) )  C T P 1 4 1 0  
IJATA M U L T 1 / 0 1 ~ U 1 0 0 ~ 0 1 0 0 0 0 ~ 0 1 0 0 0 0 0 ~ ~ C 1 0 0 0 0 0 0 0 0 ~ 0 1 ~ 1 0 0 0 0 0 0 0 C 0 /  C T P 1 4 2 0  
I A T A  M A S K 1 / 0 ~ 0 4 0 3 0 0 0 0 0 0 0 ~ ~ 4 0 0 0 0 0 0 0 ~ ~ ' 4 0 0 0 0 0 0 0 ~ 0 0 D ~ 0 4 0 '  C T P 1 4 3 0  
l A T A  ~ A S K / 0 7 7 0 0 0 0 0 0 0 0 0 0 / , B L h K / 6 H  0 0 0 ~ 0 /  C T P 1 4 4 0  

L O G I C A L  N!JMBEH, r )ECMALrEXPOU,LOCATE C T P  4 1 0  
r,ATA a L A N K , T C A R n . S Y M 3 / 1 H  t 1 H T r 1 H 1 ~ 1 H 2 ~ 1 H J ~ 1 H 4 ~ 1 ~ 5 ~ l H 0 t 1 H 7 t 1 H 6 1 1 d 9 C T P  4 2 0  

~ l t i O , l H + ~ 1 H - , l H ,  , l H . , l H t t l H L i l H 8 /  * V t W  
: E R R = l  C T P  4 4 0  
NUMBER=.TRUE. CTI-' 450 
DECMAL- . = A L S E .  C T P  4 6 ~ 1  
k x P O N = .  F A L ~ ~ .  CTP 4 7 0  
L O C A T E = . F A L S E .  CTP 4811 
X S I G N = O . O  C T P  4911 
~ n C h l - 0  C T P  5 u 0  



1 0  RE4D ( 5 . 2 4 0 )  DCARD 
I F  ( D C A R D ( l ) . E Q . T C A R D j  GO TO 2 0 0  
PO 1 9 0  1 = 1 , 7 3  
I F  ( I . E d . 7 3 )  GO TO 8 0  
I F  ( D C A R U ( I ) . E Q . B L A N K )  GO TO 1 9 0  
00 2 0  J = 1 , 1 7  
I F  ( D C A R D ( I ) . E Q . S Y M B ( J ) )  GO TO ( 4 0 > 4 0 t 4 0 , 4 0 . 4 0 .  

1 6 0 ~ 8 0 ~ 5 0 ~ 7 0 ~ 9 0 ~ 1 0 0 ) ~ J  
20  CONTINUE 

GO TO 2 3 0  
C  

3 0  J=O 
I F  ( I D I G . E O . 0 )  G O  TO 1 9 0  

C  
40 I D I G = I D I G + l  

i F  (.NOT.DECMAL) N D E C = I D I G - 1  
X N U M ( I D I G ) = J  
G O  T O  1 9 3  

L 

9 0  I F  (LOCATE)  GO TO 2 3 0  
LOCATE=.TRUE. 
K S I G N = I  

DO 1 2 0  K = l . I D I G  
X=X+10 .**Pl9EC*XI~illM ( K )  

1 2 0  NPEC-NDEC-? 
C 

I D I G = O  
fv 13 E C = 0  
DECMAL = . F  1 L  SE . 

i: 
! F  ( xs ISN.LT .O.C I  Y=-X 

1 3 0  IF ( .NOT.NVMHEH' G O  T O  1 4 ?  
I F  (LOCATE) G U  T O  1 6 0  

CTP 5 1 3  
CTP 5 2 0  
CTP 5 3 0  
CTP 5 4 1  
CTP 5 2 0  
CTP 56C 

CTP 6 0 0  
CTP 61'7 
CTP 6 2 0  
CTP 6 3 0  
CTP 6 4 0  
CTP 6 5 0  
CTP 6 6 0  
CTP 6 7 0  
CTP 6 3 0  
CTP 6 9 0  
CTP 7 d 0  
c r p  7 1 0  
c r p  7 ? 0  
CTP 7 3 0  
CTP 7 4 0  
CTP 7 5 0  
CTP 1 5 0  
CTP 7/17 
CTP 7 8 0  
CTP 7 9 0  
CTP 8 0 0  
CTP 8 1 0  
CTP 8 2 0  
CTP 8 3 0  
CTP 8 4 0  
CTP 8 5 0  
CTP 8 6 0  
CTP 8 7 0  
CTP 8 8 0  
CTP B 3 0  
CTP 9 0 3  
CTP 911) 
CTP 9 2 0  
CTP 9 3 1  
CTP 9 4 0  
CTP 9 5 0  
CTP 9 6 0  
CTP 9 7 0  
CTP 9 8 0  
CTP 9 9 0  
CTPIOOO 
C T P l d l i l  
C T P l C 2 0  
CTP1p 33 
C T P l U 4 0  
C T p 1 0 ~ 0  
TTP lOS I 
L T P 1 0 7 0  
CTP1080  
C T P l O J J  



CONTINUE 

I: C T P ; ~ ~ O  
C  THE FOLLOWING LOGIC I S  TO PACK THE 'DCARD' DATA INTC ' I T I T L E '  CTP1370  
C FOR A  ' F O R M A T ( l X , 1 2 A 6 ) '  PRINTOUT. 
C  

2 0 0  D ? A R D ( l ) = B L N K  
L - 0  CTP1460  
no 2 2 0  1 = 1 , 7 8 . 6  CTP147n  
L = L + l  CTP l4HO 
hK= 1 - 1  CTP1490  
GO 2 1 0  J z 1 . 6  CTP1500  
K=r (K+J  C T P l S l @  
DCARD(K ) = A N D (  IPCARD(K) ,MASr i )  CTP152C 
I F  ( J . E Q . 1 )  GO TO 2 1 0  CTP1530  
InCARD(K)=TUCARD(K)/MULTl(Jl CTP1540  
I F  ( I S I G N ( 1 . I C C A R U ( K ) ) . L T . O )  I D C A R D ( ! O = i A B S ( I D C A Q D ( K l ) + F ~ A S K l ( J )  CTP1550  

2 1 0  CDXTINUE CTP1560  
2 2 0  I T I T L E ( L ) = I D C A R D ( I ) + I S 1 G N ( ( I D C A R D ( I + l ) + I D C A R ~ ( I + 2 ) + I D C A R D ( I + 3 ) + 1 D C C T P l 5 7 U  

LARD( 1 + 4 ) + I D C A R L J ( l + 5 ) ) ,  I DCARD( 1 ) )  CTP l5RU 
RETURN C  TP1590  

C  CTP1600  
2 3 0  I E R R = 2  CTP161' \  

WSITE ( 6 , 7 5 0 )  UCARI; CTP1620  
GO TO 1 0  CTP1630  

C  CTP1640  
C  CTP165?1 

5 4 0  FORMAT ( 7 2 4 1 )  CTP1660  
2 5 0  FORMAT ( 1 X .  7 7 A 1 )  CTP1670  

END C T P 1 6 8 d -  
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@ ELT B E S J 1 1 , 6 9 0 7 1 4 ,  3 5 9 5 3  

SUBROUTINE B k S J ( X * N , B J , D , I t R )  
d J = . O  
I F ( N ) 1 0 , 2 0 , 2 0  

1 0  I E R = 1  
RETURN 

RETURN 
3 1  I F ( X - 1 5 . ) 3 2 , 3 2 , 3 4  
3 2  N T k S T = 2 0 . + l O . i X - X * ' -  2/.5 

GO TO 3 6  
3 4  NTEST=9O.+X/2.  
3 6  i F ( N - N T E S T ) 4 0 , 3 8 , 3 8  
3 8  IER.4 

RETURN 
4 0  ;ER-0 

N l = N + l  
BPREV=. 0  

C COMPJTE STAPTJNG VALUE OF M  
I F ( X - 5 . ) 5 0 , 6 0 , 6 0  

5 0  MA=X+6. 
GO TO 7 3  

6 0  MA=1 .4*X+hO. /X  
7 0  M B = N + I F I X ( X ) / 4 + 2  

hZERO=MA 
I F ( M A - M B ) 8 0 , 9 0 , 9 0  

8 0  M7EROzMB 
C  SET UPPER L I M I T  OF M  

9 0  MMAX=NTEST 
I 0 0  DO 1 9 0  M=MZER0,MPAX13 

r SET F ( M ) , F ( M - l )  
F M l = l . O E - 2 P  
FM=.  0  
A L P H A = .  o 
IF(M-(M/2)*2)120.110,120 

1 1 0  J T = - 1  
GO TO 1 3 0  

1 2 0  J T = 1  
1 3 0  M2.M-2 

DO 1 6 0  K = 1 9 M 2  
MK=M-K 
B M K = 2 . * F L O A T ( M K ) * F M l / X - F M  
FM=FM1 
FMl=BMK 
I F ( M K - N - 1 ) 1 5 0 . 1 4 0 , 1 5 0  

1 4 0  B J l B M K  
1 5 0  JT=-JT 

S = l + J T  
1 6 0  ALPHA=ALPHA+BMKxS 

BYK=2 . *FMI /X -FM 
I F ( M ) l 8 0 ~ 1 7 0 ~ 1 8 0  

1 7 0  BJ=EMK 
1 8 0  ALPYA=At.PHA+BMK 

HJ=RJ/JALPHA 
I F ( A R S ~ ~ J - B P R ~ V ) - A ~ S ~ L ~ B J ) ) ~ O O ~ ~ O ~ ~ I ~ O  

F E S J  1 
BESJ  2 
BESJ  J 
BESJ  4  
RESJ 5 
PESJ  6  
d E S J  7  
BESJ  8  
BESJ 9 
B F S J  1 0  
BESJ  11 
BESJ 1 2  
P E S J  13 
BESJ 1 4  
BESJ  1 5  
BESJ  1 6  
BESJ  1 7  
BESJ 1 8  
BESJ  1 9  
BESJ  2 0  
BESJ  2 1  
BESJ 2 2  
BESJ  2 3  
BESJ  2 4  
BESJ  2 5  
BESJ  2 6  
BESJ  2 7  
BESJ  2 8  
BESJ  2 9  
RESJ  SU 
BESJ  3 1  
P E S J  3 2  
BESJ  3 3  
BESJ  3 4  
RESJ 3 5  
BESJ  3 6  
BESJ 3 7  
BESJ  3 8  
BESJ  3 9  
BESJ  4 0  
BESJ  4 1  
E E S J  4 2  
BESJ  4 3  
BESJ  4 4  
EESJ  4 5  
BESJ  4 6  
BESJ  4 7  
B'SJ 4 8  
BESJ  4 9  
U S J  540 
d E S J  5 1  
B C S J  5 2  
n . s ~  5 3  
PESJ 5 4  
h F S 2  52 



7 7 7 7  
rv lmwV)  
LI LL, iU UI 
a E r y c c  
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SUBROUTIhE BESSEL(J,Y,V,X,K) 
INTEGER V 
REAL J,Y 
DIMENSION J(l),Y(l) 
D-1. E-6 
NV=V+1 
D O  1 I=l.NV 
C A L L  BESJ(X.1-l,J(i),l~,iER ) 

IF(IER.NE.0) GO T O  1 0  
CALL BESY(X.1-l.Y(I),IER) 
IF(IER.NE.0) G O  T O  1 1  

1 CONTINUE 
RETIIR*J 

1 0  WRITE(6.10U)XrL 
G O  TO 12 

1 1  WRITC(6.101)X,V 
12 K= l  

RETUSN 
1CO F O R M A T ( 1 O X ~ 2 B H E E R O R  IN BESJt X AND V ARE. p2E15.7) 
1 0 1  FORMAT(lOX,28HERROR IN BESY* X AND V ARE. JE15.7) 

E N D  



SUBROUTINF B E ~ ~ ( x , N . B ~ . J E ~ )  
CtJECK FO? tr?RORS I Y  N AND X  

l F ( N ) 1 8 0 , 3 0 , 1 0  
1ER-O 
I f ( X ) 1 9 0 , 1 9 0 , ~ 0  
P I = 3 . 1 4 ' 5 9 2 6 5 3  

BRANCd TF X LESS THAN 199 E Q d l L  4  
1 F t X - 4 .  ) 4 0 , 4 0 , 3 0  

COMPUTE YO Ah' '  "1 FOi?  X  G R E A I L i  ?HA\  4  
T = 4 . / X  
P 0 = . 3 9 8 9 1 7 2 7 9 3  
00: - .012466944;  
P 1 = . 3 9 8 9 4 7 2 8 1 3  
LI = .  0 3 7 4 0 n a 3 6 4  
A=T*T 
B=A 
PO=PO-. OD1 1 5 3 0 6 2 g  ' A  
QO=QO+. 0004564 .524-A  
f l = P l + .  0 0 2 9 2 1 8 2 5 6 * A  
Q l = 9 l - . 0 0 0 6 3 9 0 4 ~ A  
A=A*A 
PO=PO+. O U 0 1 7 3 4 3 ~ A  
QO=QO- .0000869791*A  
P I = P 1 - . 0 0 0 ? 2 3 2 0 3 c A  
O 1 = Q 1 + . 0 0 0 1 0 6 4 7 4 1 * A  
A=A*R 
PO-PO- .0000487613+A 
Q 0 = 0 0 + .  0 0 0 0 3 4 2 4 6 8  > A  
P l = P l + .  0 0 0 0 5 8 0 7 5 Y * A  
Q 1 - 0 1 - .  000tJ39870A*A 
A=ArR 
P O = P 0 + . 0 0 0 0 1 7 3 5 6 5 - A  
QO-Q0-. OSf l0142078*A  
P l = P l - . 0 0 0 0 2 0 0 9 2 - A  
01=Q1+.  3 0 U 0 1 6 c  % - A  
A=A*B 
P O = D 0 - . 0 0 0 0 0 3 7 0 4 3 * A  
0 0 = 0 0 + . 0 0 d 0 0 3 2 3 * 2 i A  
P 1 = P 1 + . 0 0 0 0 0 4 ? 4 1 4 * A  
Q l = Q l - .  00000365943cA 
A - S Q R T ( 2 . s P I )  
e - 4 .  >A 
PG=A*PO 
QO=B*QO/X 
P l = A * P l  
O l = R * Q l / X  
A-X-P I / 4 .  
B = S Q ? T ( Z . / ( P I * X ) )  
Y @ : R * ( P O * S I N ( A ) + G O , ~ C O 5 ( A ) )  
Yl=B*(-?l*COS(A)+Qli,SIN(A)) 
GO T O  9 0  

rOMPUTE YO ANT Y1  FOR X  LESS 'HAN O R  EQUAI TO 4 
XX=X/Z .  
x 7 = x x * x x  
T = A L O G ( X X ) + . 5 7 1 2 1 3 6 6 4 9  

BESY 
Y r s Y 
RESY 
aEsY 
RESY 
RESY 
BESY 
BESY 
sESY 
BESY 
FESY 
2FSY 
BESY 
BESY 
BESY 
aErsY 
SFSY 
RE SY 
BESY 
BESY 
BESY 
BESY 
BESY 
BESY 
BESY 
BESY 
RESY 
BESY 
BESY 
BESY 
BESY 
BESY 
BESY 
BESY 
RESY 
6ES Y 
BESY 
BESY 
BESY 
RESY 
BESY 
FESY 
RESY 
BESY 
BESY 
BESY 
9ESY 
BESY 
YESY 
BESY 
PESY 
BESY 
HFSY 
BESY 
BESY 



SIIM=O. 
1ERM.T 
YO=T 
DO 7 0  ~ = 1 . 1 5  
I F ( L - 1 ) 5 0 . 6 0 , 5 0  
S U M = S U M + l . / F L O A T ( L - 1 )  
F L = L  
Tl i=T-SUM 
T E R M = ( T E R N ~ ( - X ~ ) / F L C Q ~ ) Q ( ~ . - ~ . / ( F L * T ~ ) )  
Y O = Y O + T E R P  
TERM : X X * ( T - . 5 )  
SUMSO. 
Y  1- TERM 
DO 8 0  ~ = 2 , 1 6  
S U M = S U M + l . / F L O A T ( L - 1 )  
F L = L  
F L 1 - F L - 1 .  
TS=T-SUM 
T E R M = ( T E R M * ( - X ~ ) / ( F L I ; S F L ) ) ~ ( ( T S - . ~ / F L  ) / ( T S + . 5 / F L l ) )  
Y1:YlcTERM 
P I 2 = ? . / P I  
YO=PI2*YO 
Y l = - P I 2 / X + P I 2 * Y l  

CHECK I F  ONLY YO OR Y1  I S  DESIRED 
I F ( N - 1 ) 1 0 0 . 1 0 0 , 1 3 0  

RETURN E ITHEK YO OR Y 1  AS HEOUIRED 
I F ( N ) 1 1 0 ~ 1 2 0 ~ 1 1 0  
B Y = Y 1  
GO TO 1 7 0  
BY=YO 
GO TO 1 7 0  

PERFORM RECURRENCE OPERATIONS T O  F I N D  Y N ( X )  
YA=YO 
YB=YI 
K  = 1 
T = F L O A T ( Z * t O / X  
YC=T*YB-YA 
K = K + 1  
I F ( K - N ) 1 5 0 . 1 6 0 , 1 l 5 0  
YA=YB 
YFi=YC 
GO TO 1 4 0  
i?Y=YC 
RETURN 
IER.1 
RETURI'J 
I ER=2 
.QETURN 
END 

BESY 5 6  
UFSY 5 7  
B55Y 5 8  
B t S Y  5 9  
EESY 6 0  
BESY 6 1  
BESY 62  
BESY 6 3  
RESY 6 4  
BESY 6 5  
BESY 6 6  
BESY 6 7  
BESY 6 8  
BESY 6 9  
HESY 7 0  
BkSY 7 1  
BESY 7 2  
BESY 7 3  
BESY 7 4  
BESY 7 5  
BESY 7 6  
BESY 7 7  
BESY / 8  
BESY :9 
BESY 8 0  
BESY 8 1  
BkSY 8 2  
BESY 8 3  
BESY 5 4  
BESY 95  
BESY 8 6  
BESY 8 7  
BESY 8 8  
BESY 8 9  
BESY 9 0  
BESY 9 1  
BESY 9 2  
BESY 3 3  
BESY 9 4  
fiESY 9 5  
BESY 9 6  
BESY 9 7  
PESY 9 8  
BESY 9 9  
BESY 1 0 0  
BESY 1 0 1  
BESY 1 0 2  
BFSY 1 0 3  
BESY 1 0 4  



Report 20672 -P2D 

11, Programing ( con t , )  

D. METHODS OF VERIFICATION 

For most s ec t ions  of t h i s  program, t h e  only method of v e r i f i c a t i o n  

i s  t h e  "reasonableness" of t h e  numbers output .  This  i s  a nebulous s tatement  

and t h e  only way an engineer  can know what i s  reasonable i s  from experience 

wi th  t h e  s e n s i t i v e  time l a g  theory and i t s  app l i ca t ion .  There a r e  some guide- 

l i n e s  t h a t  can be given,  however, t h a t  may he lp  those new t o  t h e  program. 

1. I f  A v n ,  Bvq,  and C a r e  1 .0 ,  t h e  n minimum w i l l  be  on t h e  
vn 

order  of 0 .5 t o  1.0.  It w i l l  always be p o s i t i v e .  

2. The frequency of t h e  n minimum i s  near t he  acous t i c  mode 

frequency of a cy l inde r .  This  frequency i s  given i n  a 

formula on Figure 2. 

3 .  The c a l c u l a t i o n  of A B and C can be  checked by vll' vn' v n 
running a case  wi th  combustion concentrated a t  a p a r t i c u l a r  

l oca t ion .  The answer can then  be e a s i l y  checked us ing  t h e  

formulas i n  Sec t ion  I , B ,  (5) and Figure  8.  

4. When T a t  n minimum is  given i n  seconds, i t  can be converted 
I 

t o  an equiva len t  frequency by t h e  r e l a t i o n  T* = - 2f* * 

5. The t e s t  cases  given i n  t h i s  manual a r e  a convenient r e f e rence  

t o  e s t a b l i s h  whether t h e  program and computer a r e  working 

c o r r e c t l y .  
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S e c t i o n  111, Deck S e t u p  



Report 20672-P2D 

S e c t i o n  113 Deck S e t u p  

A. COMPUTER CONFIGURATION 

1. Univac 1108 computer, 65K of c o r e  minimum 

2. 46211 f o r  code,  722458 f o r  d a t a  
8 

3. FORTRANV 

4. Execu t ive  I1 moni tor  sys tem 

5. No p l o t  o u t p u t  r e q u i r e d  

6. No punch o u t p u t  r e q u i r e d  

7. U n i t s  1 2 ,  1 3 ,  1 4  are used f o r  temporary s t o r a g e .  

B. ESTIMATED RUNNING TIME 

Because of t h e  extremely l a r g e  number o f  ways o f  running t h i s  program, 

i t  would b e  ve ry  d i f f i c u l t  t o  g i v e  a formula  f o r  running t ime. As a g u i d e ,  the  

sample c a s e  g iven  i n  S e c t i o n  I I 1 , L  r a n  i n  2.06 minutes .  The n o z z l e  a d m i t t a n c e  

c a l c u l a t i o n  i s  t h e  s i n g l e  most t ime consuming p o r t i o n  of t h e  program. 
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111, Deck S e t u p  (cant,) 

DATA PACKAGE 

IF SECTION' I11 IS NOT 'USED, SECTTOM IV PWST EJOT BE USRB, 

F i g u r e  18 - - I n p u t  Load Sequence R e q u i r e d  by t h e  Computer Progra~iin 
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111, Deck Setup (cont . )  

C . DECK SEQUENCE 

It i s  necessary t o  d i scuss  t h e  genera l  o rganiza t ion  of t h e  d a t a  

as w e l l  as how the  d a t a  a c t u a l l y  g e t  i n t o  the  computer be fo re  proceeding 

wi th  any f u r t h e r  d i scuss ion  of t he  computer program. Hereaf te r ,  t h e  i npu t  

d a t a  deck w i l l  b e  r e f e r r e d  t o  as a s e t  of d a t a  packages. 

The manner i n  which t h e  da t a  deck is  assembled i s  shown i n  

Figure 18. It can be seen  t h a t  t h e  d a t a  package (one package requi red  pe r  

c a s e ) ,  i s  divided i n t o  fou r  s ec t ions .  The f i r s t  s e c t i o n  conta ins  t h e  d a t a  

f o r  MAIN CONTROL and f o r  Programs A ,  B ,  C ,  D and F. The second s e c t i o n  i s  

one card t h a t  has t h e  l e t t e r  T punched i n  card column one. This card se rves  

t he  purpose of an  end-data s i g n a l  and of a  header card such t h a t  a l l  informa- 

t i o n  t h a t  fol lows t h e  T w i l l  be  p r i n t e d  on t h e  top  of each output  page. The 

t h i r d  s e c t i o n  conta ins  t h e  d a t a  f o r  Programs E, I, and J. The f o u r t h  s e c t i o n  

i s  a  T-card t h a t  i s  used only t o  s i g n a l  t h e  end of t h a t  da t a .  

It should be  noted t h a t  i f  n e i t h e r  E ,  I ,  o r  J a r e  run ,  Sect ions I11 

and I V  a r e  not  needed. However, Sect ions I and I1 must always b e  on t h e  d a t a  

package. 

Running Mul t ip le  Cases 

The f l e x i b i l i t y  of t h e  program is  such t h a t  s t ack ing  cases  ( i . e . ,  

running mul t ip l e  cases)  i s  an easy t a sk .  A l l  t h a t  is requi red  i s  t o  add t h e  

requi red  number of d a t a  packages t o  t h e  d a t a  deck. There is no r e s t r i c t i o n  

a s  t o  t h e  flow pa ths  of i nd iv idua l  d a t a  packages; t h e r e f o r e ,  da t a  packages 

of parametr ic  s t u d i e s  involving the  use  of one program can be intermingled 

wi th  d a t a  packages t h a t  use any of t he  o ther  program combinations f o r  an 

a n a l y s i s .  
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The i n p u t t i n g  of t h e  d a t a  i s  a c c o q l i s h e d  i n  a f l e x i b l e  f a s h i o n ,  

The method employed i s  c a l l e d  s c a t t e r  load."  This method h a s  a minimum number 

of r e s t r i c t i o n s  a s  t o  how and i n  what manner t h e  d a t a  a r e  punched on t h e  c a r d .  

Examples a r e  g i v e n  below t h a t  w i l l  i l l u s t r a t e  t h e  f l e x i b i l i t y  of s c a t t e r  l o a d .  

The f i r s t  t h i n g  t h a t  niust b e  punched on a ca rd  i s  t h e  l e t t e r  L 

o r  t h e  l e t t e r  T, The L s i g n a l s  t h e  computer t h a t  d a t a  a r e  on t h e  c a r d  whereas 

t h e  T s i g n i f i e s  t h a t  t h e  computer has  r e c e i v e d  a l l  of t h e  d a t a  f o r  t h a t  s e c t i o n  

of t h e  d a t a  package,  

Immediately a f t e r  t h e  L w i l l  appear  1 t o  4 numbers; t h e r e f o r e ,  

t h e  ca rd  t h u s  f a r  h a s  been punched w i t h  L fo l lowed  by 4  d i g i t s ,  e . g ,  , L4l.95. 

Th is  t e l l s  t h e  computer t o  start  l o a d i n g  t h e  d a t a  t h a t  w i l l  f o l l o w  i n t o  computer 

c o r e  s t a r t i n g  a t  L o c a t i o n  4175. Following t h i s  number w i l l  b e  a p l u s  o r  minus 

s i g n  and d a t a ,  a n o t h e r  p l u s  o r  minus s i g n  and d a t a ,  e t c .  Since t h e  s i g n s  s e r v e  

t o  s e p a r a t e  t h e  d a t a ,  t h e  second d a t a  p o i n t  w i l l  a u t o m a t i c a l l y  b e  loaded i n t o  

c o r e  l o c a t i o n  43.76. T h i s  p r o c e s s  c o n t i n u e s  a c r o s s  t h e  f i r s t  72 columns o f  t h e  

d a t a  ca rd .  

Consider  t h e  fol%owing example of i n p u t  d a t a  

*Except f o r  t h e  i npu t  t o  main c o n t r o l ,  
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Th i s  may b e  punched on a s i n g l e  c a r d  a s  

(Example 1) LO + 10.0  + 19.4  + 0.0  - 0.92 L8 + 6.4  

(Example 2 )  LO + 10.0  + 19.4  + -0.92 + + + + + 6.4 

(Example 3) L8 + 6.4 LO + 10.0  + 19.4  + -0.92 

(Example 4) L39 + 0 . 2 1 +  3.14 + 5.0 f 1 . 5  -35.5 L39 1545. 

Example 1 i l l u s t r a t e s  a normal l o a d  sequence f o r  t h e  g iven  i n p u t .  

No d a t a  are t r a n s f e r r e d  i n t o  c o r e  l o c a t i o n s  L4 t h r u  L7;  t h e r e f o r e ,  any 

p rev ious  d a t a  s t o r e d  t h e r e  remains t h e r e .  Example 2  i l l u s t r a t e s  how 

a l g e b r a i c  s i g n s  can b e  used t o  i n d e x  t h e  c o r e  l o c a t i o n  t o  t h e  p r o p e r  s t a t i o n .  

Note a l s o  t h e  L2, which is i d e n t i c a l l y  z e r o ,  h a s  no number punched on t h e  

c a r d .  This  i l l u s t r a t e s  t h a t  t h e  computer, when i t  sees no number fo l lowing  

t h e  s i g n ,  l o a d s  t h e  v a l u e  of z e r o  i n t o  t h a t  c o r e  l o c a t i o n .  If  d a t a  have been  

p r e v i o u s l y  s t o r e d  i n  Loca t ions  L4 t h r u  L7 and a r e  t o  b e  used a g a i n ,  t h e  u s e  

of index ing  p r e s e n t e d  i n  Example 2  w i l l  l o a d  z e r o s  i n t o  those  c o r e  l o c a t i o n s ;  

consequen t ly ,  t h e  d a t a  w i l l  b e  l o s t .  

Example 3  i l l u s t r a t e s  t h a t  t h e  L-numbers do n o t  have t o  b e  

punched i n  s e q u e n t i a l  o r d e r .  Example 4 i l l u s t r a t e s  t h e  method of c o r r e c t i n g  

d a t a .  S p e c i f i c a l l y ,  L39 was i n i t i a l l y  loaded w i t h  0 . 2 1  and la ter  loaded  w i t h  

1545.0; t h e r e f o r e ,  t h e  former number i s  e r a s e d  on c o r e  and t h e  l a t t e r  i n c l u d e d  

i n  i t s  p l a c e .  The most convenient  method f o r  c o r r e c t i n g  d a t a  c a r d s  is  t o  

punch a l l  t h e  c o r r e c t i o n s  on one o r  more c a r d s  and p l a c e  t h e s e  cards immediately 

b e f o r e  t h e  T-card of t h a t  d a t a  s e c t i o n ,  
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P r e s e n t e d  bebow are some b a s i c  r u l e s  t o  employ when punching 

d a t a  ca rds :  

I. DO start  each i n p u t  ca rd  w i t h  L.  The L does n o t  have t o  b e  

punched i n  c a r d  column 1 b u t  i t  must appear  b e f o r e  t h e  d a t a .  

2. DO pay c l o s e  a t t e n t i o n  t o  t h e  sequence of t h e  remaining 

d a t a  i n c l u d e d  on t h e  ca rd  s o  t h a t  d a t a  a r e  n o t  loaded  i n t o  t h e  wrong c o r e  

l o c a t i o n .  

3.  DO NOT u s e  more t h a n  8 s i g n i f i c a n t  d i g i t s  ( i n c l u d i n g  decimal  

p o i n t )  f o r  t h e  i n p u t  d a t a ,  Exponen t ia l  n o t i o n  i s  p e r m i t t e d ,  That i s ,  t h e  

number 0.0625 can b e  loaded as 6 - 2 5  E-02. 

4 .  DO NOT s t a r t  t h e  d a t a  on one card  and complete i t  on 

a n o t h e r .  

5. DO NOT use  more t h a n  42 ca rd  columns f o r  d a t a  i n p u t .  

The computer looks  a t  73 t o  88 b u t  does n o t  t r a n s f e r  t h a t  i n f o m a t i o n  t o  c o r e ,  

There fore ,  columns 93 and 80 can be used f o r  t h e  c a r d  sequence n u d e r  i n  t h e  

d a t a  deck o r  i d e n t i f i c a t i o n  of some s i g n i f i c a n t  a s p e c t  of t h e  d a t a  s o  t h a t  

i t  can b e  i d e n t i f i e d  a t  some L a t e r  d a t e ,  

6. DO i n c l u d e  a T-card a t  t h e  end of a d a t a  s e c t i o n  i n  t h e  

d a t a  package,  The T must be punched i n  card column I ,  I f  t h e  T appears  -- 

anywhere e l s e  on t h e  c a r d ,  the computer will d u n ~ ~  t h e  e n t i r e  run, 

7 .  DO i n c l u d e  a d e s e r i p t f s n  of t h e  ease on t h e  T-card sf 

S e c t i o n  2, This inf exmation serves as a %leader f o r  each ou tpu t  page,  This 

is a convenience more than A n e c e s s i t y ,  
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8. DO NOT use  two o r  more T  cards  f o r  a  header.  This can 

confuse t h e  computer's i npu t  l og ic .  

Thus f a r  t he  s to rage  loca t ions  f o r  t he  ind iv idua l  d a t a  b i t s  have no t  

been noted. They w i l l  be  provided i n  Sec t ion  I I I , E .  It is  s u f f i c i e n t  t o  s t a t e  

he re  t h a t  t h e  inpu t  d a t a  have reserved loca t ions  i n  core  and t h a t  t hese  d a t a  

remain i n  those l o c a t i o n s  unless  over-written by t h e  next  s e t  of input  da t a .  

Therefore,  i t  is  not  necessary t o  i npu t  a l l  t he  d a t a  on t h e  next  run i f  only 

one parameter (e .g . ,  t h e  r a t i o  of t h e  s p e c i f i c  h e a t s ) i s  t o  be changed. Only 

t h e  d a t a  t h a t  changes from one case t o  t h e  next  have t o  be input  on success ive  

d a t a  packages (except f o r  main con t ro l ) .  

Operation of MAIN CONTROL 

Since t h e  computer obeys every command e x p l i c i t l y ,  i t  is  necessary 

t o  i n d i c a t e  c o r r e c t l y  t o  the computer the  programs t h a t  a r e  des i r ed  f o r  a 

p a r t i c u l a r  case.  Furthermore, t h i s  must be done f o r  every case because t h e  

wi th  the  program. This i s  done purposely t o  avoid us ing  a  program t h a t  is  

n o t  needed f o r  t he  second case. 

The f i r s t  10 core l oca t ions  a r e  reserved f o r  MAIN CONTROL i n  

the  fol lowing order:  

LO: Program A, Longitudinal  Mode Chamber Analysis  and S t a b i l i t y  
Zones 

L1: Program B, Transverse Mode Chamber Analysis  

L2: Program C ,  Exhaust Nozzle Admittance Coef f i c i en t s  f o r  
Longitudinal  and Transverse Modes 
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L3: Program D ,  Expansion of R e s u l t s  from Program IS,  

L4: Program E, I n j e c t o r  N o n u n i f o r d t y  C o e f f i c i e n t s  

L5: Program F,  F i n a l  S o l u t i o n  aE I n s t a b i l i t y  Zones 

L6: Program G ,  Not used i n  t h i s  package 

L7: Program £3, High Combustion Chamber Mach Number Ana lys i s  

L8: Program I ,  Nonl inear  Combustion Response Ana lys i s  

L9: Program J, I n j e c t e d  Mass D i s t r i b u t i o n  E f f e c t s  

A z e r o  i n  any of t h e  l o c a t i o n s  i n d i c a t e s  t h a t  t h i s  p r o g r m  

w i l l  n o t  be  used.  A number g r e a t e r  t h a n  ze ro  i n s t r u c t s  t h e  computer t o  

e x e c u t e  t h i s  program a t  t h e  t ime i t  i s  r e q u i r e d .  The program knows when t o  

e x e c u t e  t h e  program and a number i n  t h e  p roper  p l a c e  t e l l s  t h e  computer 

whether  o r  n o t  t o  e x e c u t e  t h e  p rogran .  

Most programs have v a r i o u s  o p t i o n s  concerning t h e  d e s i r e d  

o u t p u t  t o  b e  p r i n t e d .  'l'hese o p t i o n s  a r e  e x e r c i s e d  by t h e  same c o n t r o l  number 

t h a t  e x e c u t e s  t h e  program and are keyed by t h e  magnitude of t h e  number, 

These p r i n t  o p t i o n s  a r e  p r e s e n t e d  i n  t h e  d i s c u s s i o n  of t h e  i n d i v i d u a l  p r o g r a m ,  

However, a f e w  examples are prese l l t ed  here t o  i l l u s t r a t e  t h i s  p o i n t :  

EE I: EXECUTE P R O G M  C - PRINT NO OUTPUT -- 

LO -i- + -1- 9,O + C -I- dl- J- 4- (O<L2<9.0) - 

Eky&PEE 2: EXECUTE PROGPm C - PRINT OUTPUT --- - ---- 
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E W L E  3: EXECUTE PROGRAM C - PRINT INPUT AND OUTPUT 

Determination of Design C r i t e r i a  

Table I11 shows t h e  program combinations t h a t  a r e  requi red  t o  

o b t a i n  s t a b i l i t y  maps f o r  the  long i tud ina l  and t r ansve r se  modes and t o  make 

c e r t a i n  parameter s t u d i e s .  
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INPUT DATA 

PROGRAM INDEX 

Program 

A Longi tudina l  Mode Chamber Analysis  and I n s t a b i l i t y  
Zones 

Transverse Mode Chamber Analysis  

Exhaust Nozzle Admittance Coef f i c i en t s  f o r  
Longitudinal  and Transverse Modes 

Expansion of Resu l t s  from Program B 

I n j e c t o r  Nonuniformity Coe f f i c i en t s  

F i n a l  Solu t ion  of I n s t a b i l i t y  Zones 

(Obsolete and de l e t ed  from t h e  l i s t i n g )  

High Combustion Chamber Mach Number Analysis 

Nonlinear Combustion Response 

I n j e c t e d  Mass D i s t r i b u t i o n  E f f e c t s  

Page 
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161, Deck Setup ( con t , )  

D. INPUT DATA 

I. Program A: Longitudinal  Mode Chamber Analysis and 
I n s t a b i l i t y  Zones 

a. Input  Requirements: t h e  fol lowing d a t a  go i n t o  

Sec t ion  I of d a t a  package. 

Core 
Location Mnemonic Descr ip t ion  

Make g r e a t e r  than  zero t o  execute Program A. 

Rat io  of t h e  s p e c i f i c  h e a t s .  

Steady-state  Mach number a t  t h e  en t rance  t o  t h e  exhaust 
nozzle .  This can be  determined by t h e  con t r ac t ion  
r a t i o  o r  by Program C .  I n  t he  l a t t e r  case ,  l eave  L11 
blank. 

Chamber r ad ius ,  i n .  a l s o  loaded i n  L3804, Program C.  

Length of c y l i n d r i c a l  po r t ion  of chamber, i n .  

Speed of sound i n  t h e  chamber, f t / s e c .  

Weighted l i q u i d  i n j e c t i o n  v e l o c i t y ,  f t / s e c .  See 
equat ion (56) a t  t h e  end of t h i s  s ec t ion .  

Gas/ l iquid momentum in te rchange  c o e f f i c i e n t .  
( K  = 0 f o r  no d r o p l e t  momentum e f f e c t s )  

Se t  equal  t o  zero. 

Number of chamber frequencies  t o  be  used. Leaving 
t h i s  column b lank  w i l l  t u r n  on Program GENMEC which 
w i l l  s e l e c t  10 f requencies  according t o  t h e  r e l a t i o n -  
s h i p  given by Eq. (57) .  

Table of nondimensional, chamber frequencies  arranged 
i n  ascending order .  A zero must be  included a t  t h e  
end of t h e  t a b l e .  The maximum number of f requencies  
is  28 ( including t h e  zero po in t ) .  This is  l e f t  b lank  
i f  L21 is  blank. 
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Core 
Loca t ion  Mnemonic 

Tab le  of ascend ing  a x i a l  p o s i t i o n s  a t  which t h e  
combustion d i s t r i b u t i o n  ( i - e . ,  t h e  v a r i a t i o n  of t h e  
l o c a l  Mach number w i t h  r e s p e c t  t o  Z)  i s  known. 
Dimensioned i n  i n c h e s ,  A z e r o  v a l u e  must appear  a t  
t h e  l a s t  p o i n t ,  Minimum of f o u r  r e a l  d a t a  p o i n t s  
is  r e q u i r e d .  

M u * )  The l o c a l  s t e a d y - s t a t e  Mach number t h a t  corresponds 
t o  t h e  given LZ. A z e r o  must appear  as t h e  l a s t  
v a l u e ,  

The ascend ing  t a b l e  of chamber f r e q u e n c i e s  f o r  which 
t h e  l o n g i t u d i n a l ,  r e a l  and imaginary p a r t s  of t h e  
n o z z l e  admi t t ance  c o e f f i c i e n t s  ( t o  b e  i n p u t  n e x t )  
a r e  known. If  Program C is  r u n  t o  de te rmine  t h e  
a d m i t t a n c e s ,  t h e s e  f r e q u e n c i e s  w i l l  b e  a u t o m a t i c a l l y  
t r a n s f e r r e d ,  The l a s t  p o i n t  i n  t h e  t a b l e  must b e  
z e r o ,  

The r e a l  p a r t  of t h e  admi t t ances  cor responding  t o  
t h e  above f r e q u e n c i e s ,  The l a s t  p o i n t  i n  t h e  t a b l e  
must b e  ze ro .  These can b e  determined by runn ing  
Program C. 

The imaginary p a r t  of t h e  admi t t ances  corresponding 
t o  t h e  above f r e q u e n c i e s ,  The l a s t  p o i n t  i n  t h e  
t a b l e  must be  z e r o ,  These can be determined by 
runn ing  Program 6 ,  

b .  P r i n t  Opt ions  

There  a r e  no p r i n t  o p t i o n s  a v a i l a b l e  w i t h  t h i s  program. 

Any LO number g r e a t e r  t h a n  z e r o  w i l l  gi.ve a program e x e c u t i o n  a s  w e l l  a s  an  

o u t p u t  of t h e  i n p u t  d a t a  and t h e  r e s u l t s  of t h e  program, 

e ,  Placement o f  the Data i n t o  the  Data Package 

These data nrp i n s e r t e d  anyrrfizcr~ I n  Sec t ion  1 of t h e  

d a t a  package, 
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d ,  Output 

The f o l l o w i n g  o u t p u t  r e s u l t s  from t h e  e f f o r t s  o f  t h i s  

program: 

Labe l  i n  Output 

GAMMA 

DESIRED MACH NUMBER 

CHAMBER W I U S  

CHAMBER LENGTH 

SPEED OF SOUND 

CHAMBER MODE DESCRIPTION 

MACH DISTRIBUTION 

UIBAR 

K 

X 

FC (CP S) 

OMEGA 

TAU (MS) 

N 

ULM 

WC 

Symbol i n  Ana lys i s  
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111, B, I n p u t  Data ( c o o t , )  

e. A u x i i i a r y  Equa t ions  

(1) Axia l  L iqu id  V e l o c i t y  (Weighted) 

- (HR)vx cos  0 f v  cos 0 
u$< = x F  

LO MR+l 
F y  f c i s e c  (56) 

MR = m i x t u r e  r a t i o  = Gx/GF 

v, = o x i d i z e r  i n j e c t i o n  v e l o c i t y ,  f t j s e c  

VF = f u e l  i n j e c t i o n  v e l o c i t y ,  £ & / s e e  

0,,p = o x i d i z e r  and f u e l  impingement a n g l e  

(2) S e l e c t i o n  of Frequenc ies  by GENMEG 

( L o n g i t u d i n a l )  = ( 1  f 0 , lO)  TI 

(T ransverse )  = (1 - 0 , lO)  s 
V r l  

where 

.-: 3.14159 f = r e s o n a n t  f requency  
(non-dimensional) f o r  l o n g i t u d i n a l  
modes 

s = t r a n s v e r s e  a c o u s t i c  mode number '' given i n  t h e  Program B w r i t e u p ,  

( 3 )  Other  In format ion  

For a  l o n g i t u d i n a l  mode a  resonan t  f requency 

of T is t r u e  f o r  a  ve ry  s h o r t  n o z z l e ,  It may be  necessary t o  o v e r r i d e  GENHEG 

t o  f i n d  an n minimum. Also  GENMEG g i v e s  on1.y the f i r s t  mode, Other  modes 

can b e  o b t a i n e d  by s p e c i f y i n g  the  freqi~encies t o  be r u n ,  
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2.  Program B: Transverse Mode Chamber Analysis 

a. Input  Requirements: t h e  following d a t a  go i n t o  

Sec t ion  I of t h e  d a t a  package. 

Core 
Location Mnemonic 

-, , 
Descr ip t ion  

L 1 - Execute Program B.  Magnitude of number depends on 
p r i n t  op t ions  given i n  Paragraph b. 

L2Q s Transverse acous t i c  mode number given f o r  var ious  n modes a t  t h e  end of t h i s  s e c t i o n  f o r  c y l i n d r i c a l  
chambers. For annular  chambers, s e e  F igure  9 .  

These a r e  i d e n t i c a l  t o  Program A. Refer t o  t h e  
wri teup of Program A f o r  t hese  requirements.  

L3017 The number of input  f requencies  a t  which t h e  t r ans -  
v e r s e  nozzle  admittance c o e f f i c i e n t s  a r e  known. 
This number must be g r e a t e r  than 2 and l e s s  than  30. 
I f  t h e  admittance f o r  a nozzle  i s  unknown and 
Program C i s  run ,  C w i l l  provide t h i s  number 

w The va lues  of t h e  chamber f requencies ,  arranged i n  
ascending o rde r ,  f o r  which t h e  t r ansve r se  admittances 
a r e  known. Program C w i l l  provide them i f  i t  i s  run. 
The l a s t  va lue  must be zero. 

E 
r The va lues  of t h e  r e a l  p a r t  of t h e  t r ansve r se  nozz le  

admittance c o e f f i c i e n t .  The l a s t  va lue  must b e  zero.  
Program C w i l l  supply these  va lues .  

E The va lues  of t h e  imaginary p a r t  of t h e  t r ansve r se  i 
nozzle  admittance c o e f f i c i e n t .  The l a s t  va lue  must 
be zero. Program C w i l l  supply these  va lues .  

b. P r i n t  Options 

0 < L l  < 9:  - Execute B ,  do not  p r i n t  input  o r  ou tput  

10 < L1 < 99:  Execute B ,  p r i n t  output  - - 
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100 - < L1 - < 199:  Execute B ,  p r i n t  i n p u t  and o u t p u t  
(recommended) 

200 - < L1 - < 299: Execute B ,  p r i n t  i n p u t  and o u t p u t ,  
p r i n t  s t e a d y  s t a t e  t a b l e s  and v a l u e s  
of i n t e g r a l s  a s s o c i a t e d  w i t h  h i g h  
Mach number c a s e s .  

c .  Placement of t h e  Da ta  i n t o  t h e  Data Package 

These  d a t a  a r e  i n s e r t e d  anywhere i n  S e c t i o n  I o f  t h e  

d a t a  package. 

d .  Output  

Label  i n  Output 

GAMMA 

DESIRED MACH NUMBER 

CHAMBER RADIUS 

CHAMBER LENGTH 

SPEED OF SOUND 

CHAMBER MODE DESCRIPTION 

CHAMBER FREQUENCIES 

WC 

MACH DISTRIBUTION 

SNH 

ZE 

U E 

SOUND 

Symbol i n  Ana lys i s  
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ULM 

XK 

OMEGA (CH) 

ERT 

E I T  

H REAL 

H IMAG 

e .  T a b u l a t i o n  of Transverse  Acous t i c  Mode Number (s 
vrl 

(1) T a n g e n t i a l  Modes 

F i r s t  t a n g e n t i a l :  s l l  = 1.8413 

Second t a n g e n t i a l :  s 2 1  = 3.0543 

Thi rd  t a n g e n t i a l :  s 3 1 =  4.2012 

Four th  t a n g e n t i a l :  s 4 1  = 5.3175 

F i f t h  t a n g e n t i a l :  ~5~ = 6.4154 

(2)  R a d i a l  Modes 

F i r s t  r a d i a l :  sO2 = 3.8317 

Second r a d i a l :  s o 3  = 7.0156 

Thi rd  r a d i a l :  so4  = 10.1734 

(3) Combined t a n g e n t i a l - r a d i a l  modes 
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3. Program C:  Exhaust  Nozzle Admittance C o e f f i c i e n t s  f o r  
L o n g i t u d i n a l  and Transverse  Modes 

a. I n p u t  Requirements:  The fo l lowing  d a t a  go i n t o  

S e c t i o n  I of t h e  d a t a  package.  

Core 
Loca t ion  Mnemonic D e s c r i p t i o n  

= 1.: t h e  t a b l e  of v e l o c i t y  p o t e n t i a l  v a l u e s  w i t h i n  
t h e  n o z z l e  is  i n p u t  and t h e  Mach number t o  t h e  
e n t r a n c e  of t h e  n o z z l e  is  i n p u t .  

= 2. :  t h e  Mach number a t  t h e  e n t r a n c e  t o  t h e  n o z z l e  
i s  i n p u t  b u t  t h e  v e l o c i t y  p o t e n t i a l  t a b l e  must b e  
c a l c u l a t e d .  

= 3 . :  t h e  Mach number and t h e  v e l o c i t y  p o t e n t i a l  
t a b l e  must be  c a l c u l a t e d .  

Radius of t h e  t h r o a t ,  i n .  

Radius of t h e  chamber, i n . ,  a l s o  loaded i n  L13, 
Program A. 

Radius of chamber c u r v a t u r e  a t  t h e  n o z z l e  e n t r a n c e ,  
i n .  

Radius of c u r v a t u r e  a t  t h e  t h r o a t ,  i n ,  

Nozzle convergent  h a l f - a n g l e ,  deg.  

Radius of centerbody t h r o a t ,  i n .  

Radius of c u r v a t u r e  of  t h e  centerbody t h r o a t ,  i n .  

*Note 1: These v a l u e s  may b e  p l u s  o r  minus,  s e e  F i g u r e s  1 4  and 15, 
Note 2: For c y l i n d r i c a l  chambers, l e a v e  L90 through L94 b l a n k ,  
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Core 
Location Mnemonic 

Radius of chamber of centerbody, i n .  

Radius of curva ture  of centerbody a t  t he  nozzle  
entrance.  

Centerbody nozzle  convergent half-angle,  deg. 

Transverse acous t i c  mode number i s  given on t h e  
previous page f o r  c y l i n d r i c a l  chambers. For annular  
chambers s e e  Table 1, Sect ion  1 , B .  

I f  L3801 - > 2, then  KN is e i t h e r  

(1) An odd i n t e g e r  l e s s  than 200 t e l l i n g  the  des i r ed  
s i z e  of t h e  program generated v e l o c i t y  p o t e n t i a l  
t a b l e ,  o r  

(2) Blank and program w i l l  assume KN = 101 
(recommended) 

Dimensionaless v e l o c i t y  p o t e n t i a l  t a b l e  (199 values 
maximum) i n  t h e  odd numbered loca t ions  only. I f  
L3801 - > 2 ,  t h i s  is  not  necessary. 

-2 
q (Z)  Squares of t h e  reduced v e l o c i t y  t a b l e  (199 va lues  

maximum) i n  t h e  even numbered loca t ions  only. I f  
L3801 2 2, t h i s  no t  necessary.  

*Note 1: These va lues  may be p lus  o r  minus, s e e  Figures  1 4  and 15. 
Note 2: For c y l i n d r i c a l  chambers, l eave  L90 through L94 blank. 

When t h i s  program i s  run  by i t s e l f  t h e  frequencies  t o  be 

run must e i t h e r  be input  o r  generated by GENMEG. As  discussed l a t e r  t h i s  

admittance c a l c u l a t i o n  i s  done f o r  every o the r  i npu t  o r  generated frequency. 

To run Program C by i t s e l f  t h e  above d a t a  must be supplemented a s  fol lows.  

Core 
Location Mnemonic 

L10 Y Ratio of s p e c i f i c  hea t s  

L11 Me 
Steady s t a t e  Mach number a t  t he  en t rance  t o  t he  
nozzle .  Not needed i f  L3801 i s  3.  
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Core 
Loca t ion  Mnemonic D e s c r i p t i o n  

L13 r * Chamber r a d i u s ,  i n .  
C 

L14 L$ Chamber l e n g t h ,  i n .  

L15 c Jc 
0 

Speed of sound i n  t h e  chamber, f t / s e c .  

L21 N Number of chamber f r e q u e n c i e s  t o  b e  used l e a v i n g  
W C 

t h i s  column b l a n k  w i l l  t u r n  on Program GENMEG. 
Admittances w i l l  a c t u a l l y  b e  c a l c u l a t e d  f o r  e v e r y  
o t h e r  f requency a s  d i s c u s s e d  l a t e r .  

Table  of non-dimensional chamber f r e q u e n c i e s  
a r ranged  i n  ascend ing  o r d e r .  L a s t  p o i n t  must 
be  ze ro .  

b .  P r i n t  Options 

0 < L2 - < 9: Execute  Program C ,  p r i n t  no o u t p u t  

100 - < L2 - < 199: Execute  Program C ,  p r i n t  i n p u t  and 
o u t p u t  (recommended) 

200 - < L2 - < 299: Execute Program C ,  p r i n t  i n p u t  and 
o u t p u t ,  and p r i n t  t h e  nondimensional 
v e l o c i t y  p o t e n t i a l  t a b l e .  

c .  Placement o f ,  t h e  Data i n  t h e  Data Package 

This  d a t a  i s  i n s e r t e d  anywhere i n  S e c t i o n  I of t h e  
d a t a  package. 

d .  Output 

Labe l  I n  Output 

( SNH) C 

(SNH) N 

wc 
WN 

Symbol I n  Ana lys i s  

S 
v rl 

S 
v rl 

W 

A 

W 
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Label  I n  Output 

MACH NO. 

-AR/ (MACH NO ) 

-AI/ (MACH NO. ) 

BR 

BI 

T 1 

T 2 

CR 

C I 

-CR/ (MACH NO. ) 

-CI/  (MACH NO. ) 

Symbol I n  Ana lys i s  

e. A u x i l i a r y  Equat ions  

(1)  The S e l e c t i o n  of t h e  Chamber Frequenc ies  t o  b e  
Used 

Because of t h e  long e x e c u t i o n  t i m e  of t h i s  program 

f o r  a g i v e n  v a l u e  of w, t h e  program starts w i t h  t h e  f i r s t  chamber f requency 

and u s e s  every o t h e r  f requency t h e r e a f t e r ;  t h a t  i s , i f  n i s  t h e  t o t a l  number 

of chamber f r e q u e n c i e s ,  Program C w i l l  u se  m number of f r e q u e n c i e s  accord ing  

t o  t h e  r e l a t i o n s h i p  
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I n  computer language,  m and n are whole numbers. 

There fore ,  i f  n = 11 

11 m = - + I  
2 

m = 5 + 1 (where 0.5 h a s  been t r u n c a t e d  o u t )  

m = 6  

(2)  Nondimensional chamber f requency 

where 

* = denotes  d imens iona l  v a r i a b l e s  
s u b s c r i p t  c d e n o t e s  chamber c o n d i t i o n s  

f * = chamber f requency , cps 

C$ = chamber speed of sound f t / s e c  

v = chamber l e n g t h  L t  o r  r a d i u s  r$ AC (depending i f  l o n g i t u d i n a l  o r  t r a n s v e r s e  
modes r e s p e c t i v e l y  a r e  d e s i r e d ) .  

( 3 )  Nondimensional n o z z l e  f requency 

where 

( 4 )  Nozzle t r a n s v e r s e  a c o u s t i c  n o z z l e  number 
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a. Input  Requirements 

The following d a t a  go i n t o  Sect ion of t h e  d a t a  package: 

Core 
Location Mnemonic 

L3 Must be g r e a t e r  than  zero t o  run t h i s  program, 

L3405 l r / n  The r a t i o  of t h e  r a d i a l  v e l o c i t y  c o e f f i c i e n t  t o  t h e  
pressure  i n t e r a c t i o n  index. Generally s e t  equal  t o  zero .  

L3406 1 / The r a t i o  of t he  t a n g e n t i a l  v e l o c i t y  c o e f f i c i e n t  t o  t he  ' ' pressure  i n t e r a c t i o n  index. Generally s e t  equal  t o  zero.  

= 1 f o r  l i n e a r  combustion response. >1 f o r  nonl inear  
combustion response. This parameter i n d i c a t e s  t h e  
number of f requencies  f o r  which t h e  i n j e c t o r  nonuniformity 
c o e f f i c i e n t s ,  Avq,  BVn,  and C V q ,  a r e  known. The 
running of Program I w i l l  determine t h i s  number. (Not 
requi red  i f  Program B is  run.)  

The number of chamber f requencies  
(Not required i f  Program B is  run.) 

w The t a b l e  of f requencies  arranged i n  ascending order .  
The last va lue  must be  zero. (Not required i f  
Program B is run. ) 

hr(,) Real p a r t  of t h e  damping e f f e c t s  computed i n  Program B. 
The l a s t  va lue  must be zero.  (Not required i f  Program B 
is  run. ) 

hi(w) Imaginary p a r t  of t h e  damping e f f e c t s  computed i n  
Program B. The l a s t  va lue  must be zero.  (Not 
requi red  i f  Program B i s  run . )  

E4522  The values of chamber f requencies  f o r  which t h e  
w nonuniformity c o e f f i c i e n t s  a r e  known. Use only i f  

d a t a  a r e  ava i l ab l e .  
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Core 
Loca t ion  Mnemonic 

The p r e s s u r e  nonuni fo rmi ty  c o e f f i c i e n t  corresponding t o  
A t h e  above f r e q u e n c i e s  (w).  A = 1 . 0  f o r  uniform 
V n  i n j e c t i o n  d i s t r i b u t i o n .  V rl 

The r a d i a l  v e l o c i t y  nonuniformity  c o e f f i c i e n t  cor responding  
t o  t h e  above f r e q u e n c i e s  w. Genera l ly  set e q u a l  t o  ze ro .  

The real p a r t  of t h e  t a n g e n t i a l  v e l o c i t y  nonuniformity  
C c o e f f i c i e n t  corresponding t o  t h e  above f r e q u e n c i e s  w. 
vn Genera l ly  set e q u a l  t o  z e r o .  

The imaginary p a r t  o f  t h e  t a n g e n t i a l  v e l o c i t y  non- 
C u n i f o r m i t y  c o e f f i c i e n t  corresponding t o  t h e  above vv i f r e q u e n c i e s  w .  Genera l ly  s e t  e q u a l  t o  ze ro .  

NOTES: a. A l l  t h e s e  d a t a ,  w i t h  t h e  e x c e p t i o n  of 
l r / n  and lo/ can b e  c a l c u l a t e d  u s i n g  
Programs 8, and I.  

b .  T h i s  program was c o n s t r u c t e d  s p e c i f i c a l l y  
t o  i n c l u d e  t h e  e f f e c t s  of t h e  nonunfi romity  
c o e f f i c i e n t s  f o r  t h e  low Mach number c a s e s .  

b. P r i n t  Opt ions  

0 < L3 < 9:  - Execute  D ,  p r i n t  no o u t p u t  o r  i n p u t  

1 0  - < L3 - < 99: Execute D ,  p r i n t  o u t p u t  on ly  

100 - < L3 - < 199: Execute D ,  p r i n t  i n p u t  and o u t p u t  

c.  Placement of t h e  Data  i n t o  t h e  Da ta  Package 

These d a t a  can b e  i n s e r t e d  anywhere i n  S e c t i o n  I of t h e  
d a t a  package. 
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d. Output 

Label on Output Symbol i n  Analysis  
1 

ERT 

E IT 

CRT 

CIT 

OMEGA (C) 

OMEGA (CH) 

HTR 

HTI 

HTRINT 

HTI INT 

OMEGA 

W 

Gr 
A, 

h i  - 
h r  ( i n t e rpo la t ed )  

h i  ( i n t e rpo la t ed )  

5. Program E: I n j e c t o r  N o n u n i f o n i t y  Coe f f i c i en t s :  

Avn' BvT, ' Cvn 

a. Input  Requirements (not  programmed f o r  annular  chambers) 

MAIN CONTROL requ i r e s  L4 i n  Sec t ion  I of d a t a  package. 

The remaining d a t a  go i n t o  Sec t ion  I11 of t h e  d a t a  package. 
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Core 
Location Mnemonic Descr ip t ion  

L 1 I Z Z I T  Ind ica t e s  whether t he  mode i s  s tanding  o r  spinning:  

Standing: lZZIT < O  
Spinning: lZZIT '0 

L 2 5-4 
The number of r a d i a l  d i v i s i o n s  des i red  on t h e  i n j e c t o r  
f a c e  (10 5 XM 2 21). 

The number of angular  d i v i s i o n s  des i r ed  around t h e  
i n j e c t o r  f a c e  (20 - < XN 5 181).  

SECTOR The number of symmetrical s e c t o r s  t h a t  t he  i n j e c t o r  
can be divided i n t o ,  ( 1  2 SECTOR 2 180).  

v Order of t r ansve r se  mode i n  t a n g e n t i a l  d i r e c t i o n  
1, 2 ,  3 ,  e t c .  For r a d i a l  modes v = 0. 

s Transverse a c o u s t i c  mode number given by t a b u l a t i o n  
v tl presented i n  Program B write-up. 

R in  j 
I n j e c t o r  r a d i u s ,  i n .  

NE Number of elements pe r  symmetrical s e c t o r .  The 
maximum number of elements is  1000. Ignore i f  Program J 
is  run. 

The r a d i a l  p o s i t i o n  of each element w i th in  t h e  
symmetrical s e c t o r ,  i n .  Program J suppl ies  t h e s e  
d a t a  when they a r e  run. 

The angular  displacement (from any convenient 
re ference  l i n e  on t h e  i n j e c t o r  face)  of each element 
wi th in  the  symmetrical s e c t o r ,  rad ians .  Program J 
supp l i e s  t hese  d a t a  when they a r e  run.  

The element i n j e c t i o n  d i s t r i b u t i o n  given by equat ion 
(6)  a t  t he  end of t h i s  s e c t i o n .  Usually Program J 
provides t h i s  information t o  Program E .  
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b.  P r i n t  Options 

0 < L 4  < 9: - - Execute E, do no t  p r i n t  i npu t  o r  output  

10 2 L 4  2 99: Execute E ,  p r i n t  ou tput  only 

100 L 4  2 199: Execute E, p r i n t  i n p u t  and output  

c. Placement of t h e  Data i n t o  t h e  Data Package 

Main c o n t r o l  da t a :  Sec t ion  I of d a t a  package. 

A l l  o t h e r  da ta :  Sec t ion  I11 of d a t a  package. Sec t ion  I V  

must be included i n  t h e  d a t a  package. 

d.  Output 

Label  on Output 

AVN 

BVN 

CVN 

MU 

Symbol i n  Analysis  

A 
v n 

B 
vn 

Cvn 
1-1 

e . Auxi l ia ry  Equations 

D i s t r i b u t i o n  c o e f f i c i e n t ,  pE 
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where 

( w ~ ) ~  = t o t a l  weight  f low rate of e lement ,  l b / s e c  

W 
T 

= t o t a l  weight  f low r a t e  of i n j e c t o r ,  l b / s e c  

(As)E = s u r f a c e  a r e a  s e r v i c e d  by t h e  e lement ,  i n .  
2 

= t o t a l  s u r f a c e  a r e a  o f  i n j e c t o r ,  i n .  
2 

*in 

6.  Program F:  F i n a l  S o l u t i o n  f o r  I n s t a b i l i t y  Zones 

a. I n p u t  Requirements 

The i n p u t  f o r  t h i s  program comes d i r e c t l y  from 

Program D and c o n s i s t s  of t h e  fo l lowing  parameters :  

The f requency i n  t h e  chamber, w 

The r a d i u s  o f  t h e  chamber RkAC, i n .  

Speed of sound i n  t h e  chamber, c:, f t / s e c  

Rea l  and imaginary p a r t s  of t h e  damping paramete rs  
h cor responding  t o  t h e  above f r e q u e n c i e s .  

T h i s  program can b e  r u n  by i t s e l f  i f  t h e  d a t a  a x e  

i n s e r t e d  i n t o  t h o s e  l o c a t i o n s  s p e c i f i e d  by Program D. 

b .  P r i n t  Opt ions  

0 < L5 < 9: - Execute Program F,  p r i n t  no  i n p u t  
and ou tpu t  

1 0  - < L5 - < 99: Execute Program F, p r i n t  o u t p u t  on ly  

100 - < L5 - < 199:  Execute Program F ,  p r i n t  i n p u t  and 
ou tpu t  

Page 248 



Report 20672-P2D 

111, B, Input Data (cont  ,) 

c.  Placement of t he  Data i n t o  the  Data Package 

These d a t a  a r e  included i n t o  Sect ion I of t he  da t a  

package. 

d.  Output 

The fol lowing output  r e s u l t s  from t h i s  program: 

f*  = frequency of o s c i l l a t i o n ,  Hz 

w = nondimensional frequency 

* = s e n s i t i v e  time l a g  corresponding t o  t h e  above 
frequency , m i l l i s e c  

n = pressure  i n t e r a c t i o n  index 

A t  t he  bottom of t he  page, an e f f o r t  is  made t o  l o c a t e  

t h e  minimum i n t e r a c t i o n  index. I n  most cases ,  t h i s  information is  v a l i d .  

However, e f f e c t s  from an ad jacent  mode w i l l  i n t e rvene  occas iona l ly  thereby 

i n v a l i d a t i n g  t h i s  information. 

e. Other Information 

This program ob ta ins  i t s  r e s u l t  by the s o l u t i o n  of t he  

fol lowing equat ions:  

Frequency, cps 
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Ill, D, I npu t  Data (cant,) 

P r e s s u r e  i n t e r a c t i o n  index ,  n 

S e n s i t i v e  t i m e  l a g ,  T, m i l l i s e c  

7 .  Program G: Obso le te  and d e l e t e d  from t h e  l i s t i n g .  

8. Program H: High Combustion Chamber Mach Number A n a l y s i s  

Program H i s  n o t  o p e r a t i o n a l .  Recommended procedure  i s  t o  

p l a c e  a n e g a t i v e  number i n  l o a d  l o c a t i o n  L7 of MAIN CONTROL. 

9. Program I: Nonl inear  Combustion Response (Option f o r  
Program E) 

a. I n p u t  Requirements 

MAIN CONTROL r e q u i r e s  L8 f o r  S e c t i o n  I of d a t a  package. 

The remaining d a t a  go i n t o  S e c t i o n  111 of d a t a  package: 
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111, D, I npu t  Data (cant ,  1 

Core 
Locat ion Mnemonic Descr ip t ion  

ALL THE DATA REQUIRED TO RUN PROGRAM E AS WELL AS: 

LO E l  The permiss ib le  e r r o r .  I f  blank,  t h e  program w i l l  
assume E l  = 0.001. 

L12 P The r a t i o  of t h e  maximum pres su re  amplitude a t  the  
00 i n j e c t o r  f a c e  t o  t h e  s t eady- s t a t e  pressure  value.  

LX9 IPP The values  of t he  p re s su re  pe r tu rba t ion  a s soc i a t ed  
L6 8 wi th  t h e  pressure-dependent nonl inear  element. 

L69 OPP The va lues  of t h e  combustion pe r tu rba t ion  corresponding 
L118 t o  t he  above IPP va lues .  

L119 IPR The values of the  r a d i a l  v e l o c i t y  pe r tu rba t ion  a s soc i a t ed  
L16 8 wi th  t h e  velocity-dependent nonl inear  element. 

L169 OPR The values of t h e  combustion pe r tu rba t ion  corresponding 
L218 t o  t h e  above IPR va lues .  

2219 IPT The va lues  of t he  t a n g e n t i a l  v e l o c i t y  pe r tu rba t ion  
L268 a s soc i a t ed  wi th  t h e  v e l o c i t y  dependent nonl inear  element. 

L269 OPT The values of t he  combustion pe r tu rba t ion  corresponding 
L318 t o  t h e  above IPT va lues .  

L9595 TFLP The l i n e a r  t r a n s f e r  func t ion  f o r  equiva len t  l i n e a r  
opera t ion  a s soc i a t ed  wi th  t h e  pressure-dependent non- 
l i n e a r  element. 

L9596 TFLR The same as TFLP except f o r  r a d i a l  velocity-dependent 
nonl inear  element. 

L9597 TFLT 

L959 8 NUMBR 

The same a s  TFLP except f o r  t a n g e n t i a l  ve loc i ty-  
dependent nonl inear  elements.  

The number of s t e p s  t o  be used i n  t he  i n t e g r a t i o n  scheme 
assoc ia ted  wi th  t h i s  problem. If  left blank,  t h e  computer 
w i l l  assume 20, which is  s u f f i c i e n t  f o r  most ca ses ,  
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111, D, Input  Data (cont . )  

b .  P r i n t  Options 

0  - < L 8 ( 9 :  Execute I ,  p r i n t  no i npu t  o r  ou tput  d a t a  

10 - < L8 2 99: Execute I ,  p r i n t  output  on ly  

100 f L8 5 199: Execute I ,  p r i n t  input  and output  

c.  Placement of t h e  Data i n t o  t h e  Data Package 

These d a t a  a r e  included i n  Sec t ion  I11 of t h e  d a t a  package. 

Along wi th  t he se  d a t a ,  Sec t ion  Iv must be included.  

d. Output 

The output  of t h i s  program is a s  fo l lows:  

The frequency,  o 

The element number, l o c a t i o n ,  f r a c t i o n a l  flow r a t e ,  

Fp, FR, and F  T  necessary f o r  Program E. 

a s  fol lows:  

This w i l l  au tomat ica l ly  change t h e  ou tput  from Program E 

The frequency, w 

The frequency dependent expansion c o e f f i c i e n t s  A vn ' 
B a n d C  . 

vrl ' v rl 
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I T I ,  D ,  I n p u t  Data ( c o n t . )  

10. Program J: In j ec t ed  Mass D i s t r i b u t i o n  Ef fec t s  (Not 
Programed f o r  Annular Chambers) 

a .  Input Requirements 

MAIN CONTROL requ i r e s  L9 i n  Sec t ion  I of d a t a  package. The r e i ~ a i n i n g  

d a t a  go i n  Sect ion T I 1  of d a t a  package. 

Core 
Locat ion Mnemonic Descript ion - 

L319 Element number (maximum = 1000) wi th in  symmetrical s e c t o r .  

L3 20 
L324 
L3 28 X o r  r Element l o c a t i o n ,  i n .  
L320 + 4n 

n  n  

L321 
L325 
L329 Y o r  8 Element l o c a t i o n ,  i n .  o r  degrees 
L321 + 4n 

n  n  

Type of i n j e c t i o n  element. The d e t a i l s  cont:tbrning 
t h i s  type number a r e  given nex t .  

Number of symmetrical s e c t o r s ,  UX = 1 ~ { J T -  no 
symmetry. 

The d a t a  input  i n  t h i s  s e c t i o n  se rves  t o  d e f l n e  t h e  
element types  and c o n s i s t s  of a  maximum of 100 
v a r i a b l e  l eng th  d a t a  s e t s .  Each s e t  conta ins :  
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111, D ,  I n p u t  Data ( con t , )  

a. The element type number (2 100) 

b.  Number of o x i d i z e r  o r i f i c e s  f o r  t h a t  type 

c .  Diameters of a l l  t h e  ox id i ze r  o r i f i c e s  

d. Number of f u e l  o r i f i c e s  f o r  t h a t  type 

e. Diameters of a l l  t h e  f u e l  o r i f i c e s  

EXAMPLE 

l e t  Ti - - ith element type 

NXi 
= number of ox id i ze r  o r i f i c e s  f o r  t h e  ith type element 

DXi 
= diameter  of t h e  jth o x i d i z e r  o r i f i c e  i n  t h e  ith type  element 

NFi 
= number of f u e l  o r i f i c e s  f o r  t h e  ith type element 

DFi 
= diameter  of t h e  jth f u e l  o r i f i c e  i n  t h e  ith type element 

Then a t y p i c a l  i npu t  would read 

If NFi o r  NXi is ze ro ,  then  do no t  set DF = 0 o r  DXi,l = 0. 
i, 1 

Assume NX1 Z 0.0,  then 
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III, D, Inpu t  Data (cant,) 

Core 
Loca t ion  Mnemonic D e s c r i p t i o n  - 

L9569 N T T o t a l  number of i n j e c t i o n  types  

L9570 NE Nu111ber of e lements  p e r  syntr ie t r ica l  s e c t o r  

L9571 COOIZD COORD - 0: e lements  a r e  I,, t e d  I s i n g  p o l a r  
c o o r d i n a t e s  

COORU > 0: elements  d r e  j o c a ~ e d  us ing  c a r t e s r a n  
c o o r d i n a t e s  

L9572 WT T o t a l  i n j e c t o r  weight  f low,  l b / s e c  

L9573 'in j 
I n j e c t o r  r t ~ u i u s ,  i n .  

L9574 MR I n j e c t o r  mix ture  r a t i o  

L9575 NFFC T o t a l  number of f u e l  f i l m  v ~ o l i n g  h o l e s  

L95 76 DFFC Diameter of f u e l  i ~ l m  coo l ing  h o l e s  

I n  t h e  e v e n t  of f u c l  o r  o x i d j z e r  f i l m  c o o l i n g ,  e i t h e r  t h e  p e r c e l t  f i l m  i.ocsling 

o r  t h e  a c f u a l  o r i i i c e  dimensions can b e  used t o  d e s c r i b e  t h e  coc'icg. I l a c e  

a ze ro($)  i n  the  one(s )  n o t  used.  

ROX 

ROE 

CDX 

CDF 

PPFC 

PXFC 

XFC 

DFFX 

Oxidizer  d e n s i t y ,  l b / f t i  

Fue l  d e n s i t y ,  l b / t t  
3 

Oxid ize r  o r i f i c e  l o s s  clef f i c i ~ n t  

Fuel  o r i f i c e  l o s s  c o e f f i z i e i l t  

Pe rcen t  f u e l  f i l m  L oo l ing  

Percen t  o x i d i z e r  f i l m  c o o l i n g  

T o t a l  number of o x i d i z e r  f i l m  c o o l i n g  o r i f l ~ ? :  

D i a m e t e r  of f i l m  c o o l i n g  o r i f i c e s  

L 2 ,  L 3 ,  and L4 from Program E. 
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III, 9, I n p u t  Data (cant,) 

b. P r i n t  Opt ions  

0  < L 9 5 9 :  Execute J ,  do n o t  p r i n t  o u t p u t  o r  
i n p u t  d a t a  

10 2 L9 - < 99: Execute J ,  p r i n t  ou tpu t  o n l y  

100 - < L9 < 199: - Execute  J ,  p r i n t  i n p u t  and ou tpu t  

Execute  J ,  p r i n t  i n p u t  and o u t p u t ,  
and,  i f  e r r o r  occurs  i n  J ,  dump 
e r r o r  message w i t h  i n p u t  d a t a .  

c.  Placement of t h e  Data i n t o  t h e  Data  Package 

Main c o n t r o l  d a t a :  S e c t i o n  I of t h e  d a t a  package. 

A l l  o t h e r  d a t a :  S e c t i o n  I11 of t h e  d a t a  package. 

S e c t i o n  I V  must be  i n c l u d e d  i n  t h e  d a t a  package. 

d. Output 

The fo l lowing  o u t p u t  r e s u l t s  a s  a consequence of t h i s  

program: 

Miscel laneous  i n f o r m a t i o n  concerning t h e  t o t a l  o r i f i c e  
a r e a ,  c i r c u i t  p r e s s u r e  d rops ,  o v e r a l l  mix tu re  r a t i o ,  e t c .  

Element number, i n j e c t i o n  t y p e ,  and l o c a t i o n .  

D e s c r i p t i o n  of v a r i o u s  pa ramete rs  a s s o c i a t e d  w i t h  t h e  
d i f f e r e n t  t y p e s  of i n j e c t i o n  e lements .  

Element number, l o c a t i o n ,  and d i s t r i b u t i o n  c o e f f i c i e n t .  

The d i s t r i b u t i o n  c o e f f i c i e n t  as a  f u n c t i o n  of t h e  r a d i u s  
a c r o s s  t h e  f a c e  of t h e  i n j e c t o r .  
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ZIT, Deck S e t u p  (cont .)  

E .  RESTRICTIONS AND LIMITATIONS 

1. One l i m i t a t i o n  which cannot e a s i l y  be implied from the  information 

given i n  t h i s  manual i s  the  frequency l i m i t  i n  t r ansve r se  mode ana lys i s .  This 

l i m i t  i s  implied from the  r e l a t i o n s h i p  

&! s inh  f2 Z < 0 (Me) - 

This l i m i t a t i o n  means t h a t  combined t ransverse- longi tudina l  modes cannot be 

analyzed with t h i s  program. Long chambers (long compared t o  t h e i r  diameter) 

may a l s o  produce erroneous r e s u l t s  f o r  the  pure t r ansve r se  modes. 

2. The r e s t r i c t i o n s  of t he  annular  nozzle  ana lys i s  have a l ready  

been discussed i n  Sec t ion  I , B  ,l ,b ,  (6) of t h i s  manual. 

3 .  The t r ansve r se  mode ana lys i s  is  r e s t r i c t e d  t o  low Mach numbers, 

those  l e s s  than approximately 0.3. 

4 .  The s e n s i t i v e  time l a g  theory i s  developed f o r  l i q u i d  p rope l l an t  

rocke t  engines.  Before applying i t  t o  gas i n j e c t i o n ,  many assumptions must be 

examined c r i t i c a l l y ,  

5. Calcu la t ions  of t he  d i s t r i b u t i o n  c o e f f i c i e n t s  A B and 
v q '  vrl' 

a r e  not  app l i cab le  t o  annular  chambers. 
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111, Deck S e t u p  ( c o n t , )  

F, OUTPUT D E F I N I T I O N  

L a b e l  i n  O u t p u t  

GAMMA. 

D E S I R E D  MACH NUMBER 

CHAMBER R A D I U S  

CHAMBER LENGTH 

S P E E D  O F  SOUND 

CHAMBER MODE D E S C R I P T I O N  

PIACH D I S T R I B U T I O N  

U I B A R  

R 

X 

F C  ( C P S )  

OMEGA 

TAU (MS) 

N 

ULM 

WC 

2. P r o g r a m  B 

GAMMA 

D E S I R E D  MACH NUMBER 

CHAMBER R A D I U S  

CHAMBER LENGTH 

S P E E D  OF SOUND 

a m b o l  i n  A n a l y s i s  

S y m b o l  i n  A n a l y s i s  

Y 
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111, F, Outpu t  Definition ( c o n t , )  

CHAMBER MODE D E S C R I P T I O N  

CHAMBER F R E Q U E N C I E S  

WC 

FNCH D I S T R I B U T I O N  

U E  

SOUND 

ULM 

XK 

OMEGA (CH) 

E R T  

E I T  

H  R E A L  

H IMAG 

3. P r o g r a m  C  

Label  i n  O u t p u t  

( S N H ) C  

( SNH) N  

WC 

\m 

S y m b o l  i n  A n a l y s i s  

S 
v rl 

s vrl 

W 

8 
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111, F,  Output  D e f i n i t i o n  (coi t t , )  

Label i n  Output  

'MACH NO. 

A 1  

-AR/ (MACH NO. ) 

- A 1  / (MACH NO. ) 

BR 

B I 

T1 

T 2 

CR 

C I 

-cR/ ( M a c h  No. ) 

- C I /  ( M a c h  No .  ) 

F C  ( C P S )  

4. P r o g r a m  D 

LR/N 

LT/N 

ERT 

E I T  

CRT 

CLT 

OMEGA (C)  

OMEGA (CM) 

S y m b o l  in Analysis 
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111, F ,  Ou tpu t  D e f i n i t i o n  (cant,) 

HTR 

HTI 

I-ITRINT 

BTIINT 

OMEGA 

5. Program E 

Labe l  on Output 

AVN 

BVN 

CVN 

MU 

6. Program F 

Label  on Output 

FC (CPS) 

(OMGA) D 

TAU (MS ) 

N 

N?IN 

Svmbol i n  A n a l v s i s  

- 
h r  ( i n t e r p o l a t e d )  
- 
h i  ( i n t e r p o l a t e d )  

Symbol i n  A n a l y s i s  

A 
vrl 

B 
v rl 

C 
v rl 

U 

Symbol i n  A n a l y s i s  

f " 

n  
min 
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111, F, Output Definition ( con t , )  

PRESSURE PERTURBATION 

COMBUSTION GAIN 

PADIAL VELOCITY PERTURBATION 

COMBUSTION GAIN 

TANGENTIAL VELOCITY PERTURBATION 

COMBUSTION GAIN 

OMEGA 

F P  

FR 

FT 

AVN REAL 

BVN REAL 

CVN REAL 

CVN IMAG 

8. P r o g r a m  3 

PRESSURE (TFLP) 

RADIAL VELOCITY (TFLR) 

TANGENTIAL VELOCITY (TFLT) 

DISTRIBUTION COEFFICIENT MU 

S y m b o l  i n  A n a l y s i s  

P ' 

S y m b o l  i n  A n a l y s i s  
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1x1, Deck S e t u p  ( c o n t . )  

G. INPUT FORM 

A sample i n p u t  s h e e t  h a s  been p repared  on page f o r  t h e  c a s e  

g iven  below : 

1. I l l u s t r a t i v e  Design Problem 

a. L o n g i t u d i n a l  Mode Ana lys i s  

The fo l lowing  d a t a  concerning a h y p o t h e t i c a l  eng ine  w i l l  

b e  used f o r  t h i s  a n a l y s i s :  

Engine geometry: s e e  F i g u r e  1.9 

Mach number: unknown 

Momentum i n t e r c h a n g e  c o e f f i c i e n t  = 0.0 

Combustion d i s t r i b u t i o n :  a l i n e a r  combustion 
d i s t r i b u t i o n  w i t h  complete combus t i o n  o c c u r r i n g  
a t  6.4 i n .  

P = 600 p s i a  
C 

The problem is  t o  f i n d  t h e  n , r  zone f o r  t h e  f i r s t  

l o n g i t u d i n a l  mode, 
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LA = 121.8, in. 
C 

RhdCo = 6.11, in. 

R * ~ ~ ~  = 
3.0, in. 

- 
R * ~ ~ o  

- , 7.16, Ln. 

R * ~ ~ o  
= 3.58, in. 

a = 1 5 . 0 ~  

F i g u r e  19  -- Definition of t h e  Geometr ica l  F a c t o r s  used i n  Example Problem 

Page 264 



Repor t  20672-F2D 

P E X ,  G ,  Input Form ( cen t ,  ) 

b. Transverse  Mode 

For t h e  t r a n s v e r s e  c a s e ,  t h e  problem w i l l  b e  t o  f i n d  the  

n , r  zones f o r  t h e  f i r s t  t a n g e n t i a l  and t h e  second t a n g e n t i a l  modes. The d a t a  

g i v e n  i n  t h e  l o n g i t u d i n a l  c a s e  w i l l  b e  supplemented by t h e  fo l lowing  in format ion :  

s 11 = 1.8413 and s12 = 3.0543 

I n j e c t o r  

Number of r a d i a l  b a f f l e  compartments = 180 

T o t a l  we igh t  f low = 150 l b / s e c  

Mixture  r a t i o  = 2.0 

I n j e c t i o n  occurs  a t  t h r e e  r a d i i :  

Unl ike  d o u b l e t s  a t  r = 2.0 i n .  

T r i p l e t s  (X-F-X) a t  r = 4.0 i n .  

Pentads  (4F-X) a t  r = 6.0 i n .  

I n j e c t o r  r a d i u s  = chamber r a d i u s  

No f i l m  c o o l i n g  

S t o r a b l e  p r o p e l l a n t s  

Fue l  and o x i d i z e r  l o s s  c o e f f i c i e n t s  = 0.75 

Spinning' modes 

T a n g e n t i a l  mode numbers = 1 and 2 

No r a d i a l  o r  t a n g e n t i a l d v e l o c i t y  e f f e c t s  
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111, G, I n p u t  Form ( conh , )  

c  . Nonlinear  Combus t i o n  Response 

For t h i s  c a s e ,  t h e  f i r s t  t a n g e n t i a l  mode w i l l  be  exarn- 

i n e d  us ing  a  deadband n o n l i n e a r  element.  I n  a d d i t i o n  t o  t h e  above i n j e c t o r  

d a t a  t h e  fo l lowing  a d d i t i o n a l  i n f o r m a t i o n  w i l l  b e  used: 

P = 1.0 
00 

TFLP = 1.0 
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111, Deck S e t u p  (cont.)  

II , SAMPLE OUTPUT 

The following output  i s  run from t h e  sample input  given i n  the  

previous sec t ion:  
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n o o  ~ o c 3 o n o  
3 - 3  a o c o o a  
, 3 0 7   on^?-=, 
~ r n  u -  n 3 n n 3 3  

. I j  , , L.7' O C C  . . .  2 '  

p; P- r. * q u  0 0  
3 T J Nln 
3 U 
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- 
(I; 
.L li 

i > 
I 
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o o v F ) 0 3 a  
O O O C O O O  
0 0 0 0 0 0 0  
C r l n ' M Q 0 0  T O V V C L P n  

;3 

' I '  C 
4 
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